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Abstract
A 2D HEC-RAS model was created to demonstrate applications of hydraulic modeling for
informing ecological design. This was done by comparing the hydrologic conditions of a baseline
year (2010) to that of the environmental flow prescription from Kozak et al. (2016). The
inundation results are relevant to hydraulic connectivity and cypress regeneration.
The hydraulic model was created by assimilating numerous data sources, refining the
model with vertical feature (VF) extraction, and calibrating/validating the model. Several topobathymetric sources were combined to create the digital elevation model (DEM). Most
importantly, this included bathymetry of the backswamp. Polylines of significant VFs in the
DEM, such as natural levees, were provided by Dr. Gao. Cell faces of the HEC-RAS mesh (where
flow is calculated) were aligned with the VFs. Calibration of a low flow and high flow period was
conducted so the model could replicate the hydrodynamics at all times of the year. The model
was validated using the 2010 hydrograph.
Different VF and cell mesh sizes were simulated to explore the influence on this model’s
performance. The VF and cell mesh sizes were 30 m and 9 m and located in a refinement
region. No significant difference in model accuracy or inundation extent was found between
the different VF and mesh sizes.
The hydrologic results of 2010 were compared to the prescribed flow results. The area
that was inundated in the spring and then experienced 100 or more consecutive dry days in the
growing season is assumed to be the most suitable for cypress regeneration. In 2010 that area
was 31.0 km2, or 6.7% of the study area. The prescribed flow for an average year increased this
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to 100.8 km2 (21.9%). If an extreme low flow event were to occur, that would increase the area
to 283.8 km2.
Simulation results for 2010 that are similar to Kozak et al. (2016) flow-ecology targets
(flows that produce expected ecological services) were extracted. It was found that overbank
flooding of the Gulf Intracoastal Waterway occurred during the Overbank Flooding and
Backswamp Flooding flow-ecology targets. Widespread overbank flooding did not occur along
the Atchafalaya River main channel.
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Chapter 1. Introduction
1.1. Overview and Objectives
The Atchafalaya River Basin (ARB) is the largest contiguous wetland in North America.
There are approximately 106,227 ha of Taxodium distichum (baldcypress) and Nyssa aquatica
(water tupelo) (cypress-tupelo) forest in the lower ARB (Faulkner et al., 2009). However, natural
and anthropogenic changes to the hydrologic conditions of the ARB have prolonged flooding
events, which inhibit the regeneration of cypress-tupelo forests (Baustian et al., 2019; Keim et
al., 2006; Piazza, 2014). It is estimated that only 5.8% of the lower ARB cypress-tupelo forest is
capable of natural regeneration (Faulkner et al., 2009).
There are numerous ecological designs proposed to improve the health and
regeneration potential of cypress-tupelo forest in the ARB. These designs often center around
altering the hydrologic conditions of the basin on a site-specific scale to increase lateral
hydraulic connectivity (CPRA, 2021; Hayden-Lesmeister, 2018). Alternatively, the Kozak et al.
(2016) environmental flow prescription proposes regulating discharge at the Old River Control
Structure (ORCS) to alter the hydrologic conditions on a basin-wide scale. This prescribed
environmental flow is intended to produce hydrologic conditions that improve lateral hydraulic
connectivity, cypress-tupelo forest health (such as regeneration potential), and other ecological
services (Kozak et al., 2016).
Hydraulic numerical modeling is a tool that can test and inform the Kozak et al. (2016)
environmental flow prescription and other ecological designs in the ARB (Faulkner et al., 2009;
Kozak et al., 2016). Modeling results such as inundation timing, frequency, depth, and duration
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can improve our understanding of the hydrologic conditions before and after the
implementation of an ecological design.
For this research, a 2D hydraulic numerical model was created to demonstrate an
application of hydraulic modeling to inform ecological design. The USACE Hydrologic
Engineering Center’s River Analysis System (HEC-RAS) program was used to create the model.
Numerous steps were taken to develop a calibrated/validated HEC-RAS model of the lower
ARB. First, several topographic data sources were collected and assimilated to create the digital
elevation map (DEM). A DEM is a three-dimensional representation of the terrain. Next, cell
mesh was imposed on the DEM. Flow is calculated at the cell faces and utilizes the underlying
terrain data. To refine the cell mesh, an algorithm developed by Dr. Gao called PyVF was used
to identify the significant vertical features (VFs) in the terrain. Polylines of those VFs were
imported to HEC-RAS as breaklines which forced the cell faces to align to the significant VFs.
This resulted in flow (calculated at the cell face) to be calculated at the crown elevation of VFs.
Refining the hydraulic model is an important step to improving the accuracy of results.
As part of the refinement process, this thesis investigated different VF extraction and cell mesh
sizing options. The investigation focused on the effects that VF and mesh sizes have on model
performance and inundation extent.
Once a DEM with cell mesh and VFs was created, hydraulic forcings were imposed and
calibration/validation was implemented. Hydraulic forcings were collected from the USGS
website (USGS, 2022a) and Dr. Kroes’ field data. These observations were used to create
hydraulic scenarios and support calibration/validation. The hydraulic forcings were entered into
HEC-RAS and imposed on the DEM. To calibrate the model, the Manning’s N value of the DEM
2

terrain was adjusted until calculated values matched observed values. Validation was achieved
by having calculated values of a yearlong hydrograph (2010) match observed values outside of
the calibration time series.
After validation, the hydrologic conditions of the 2010 yearlong hydrograph and the
Kozak et al. (2016) prescribed environmental flows were compared to inform the ecological
design.
The comparison determined if the ecological design improved lateral hydraulic
connectivity and/or the inundation characteristics relevant to cypress regeneration. Specifically,
this thesis determines the area with inundation conditions (timing and duration) favorable to
cypress regeneration. Additionally, the flow-ecology targets (discussed in later sections) of the
prescribed environmental flows were investigated to inform and potentially refine the
ecological design. Finally, this research also investigated the impacts of different VF and mesh
sizes on model performance and inundation extent.
In summary, the objectives of this research are:
•

To create a calibrated and validated 2D hydrodynamic model of the lower ARB
using various VF and mesh resolution sizes

•

Determine the effects of VF and mesh sizing on model performance and
hydrology

•

Simulate the environmental flows suggested by Kozak et al. (2016) and compare
hydrologic conditions to 2010 baseline conditions

3

1.2. Literature Review
Prior to the formation of the Atchafalaya River, the ARB was dominated by extensive
lakes and mature swamp habitats (Gagliano & Van Beek, 1975). These lakes and swamps were
developed by the natural subsidence of relict sediment-deprived Mississippi River delta lobes
(Gagliano & Van Beek, 1975). During this period, the ARB was largely isolated from significant
freshwater inputs and only received local runoff, some overbank flooding from the Mississippi
River, and the occasional crevasse distributary (Gagliano & Van Beek, 1975). The hydrologic
conditions during this period were relatively stable and allowed for the establishment of
extensive mature cypress-tupelo stands (Gagliano & Van Beek, 1975).
The formation and development of the Atchafalaya River was the result of natural and
anthropogenic changes. In the mid-1500s, the Red River converged with the meandering
Mississippi River at Turnbull’s Bend (located at modern-day Old River) and created a
distributary, the Atchafalaya River (Gagliano & Van Beek, 1975). Discharge from the Mississippi
River into the Atchafalaya River was initially sporadic, despite the Atchafalaya River being a
more direct path to the Gulf of Mexico (Gagliano & Van Beek, 1975). In the 1800s a logjam
developed in the Red River and Atchafalaya River preventing transportation and reducing
discharge into the Atchafalaya River. Caption Henry Shreve, a river engineer, removed this
logjam as well as cut a direct path through Turnbull’s Bend to allow for more efficient
transportation (Reuss, 2004). This had the unintended consequence of increasing discharge and
sediment load into the ARB as well as expediting the avulsion of the Mississippi River to the
Atchafalaya River (Reuss, 2004). Increasing the sediment load caused many of the historic lakes
of the ARB to fill in over time.
4

The Old River Control Structure (ORCS) was constructed in 1963 as a floodgate to
regulate the discharge from the Mississippi River into the Atchafalaya River. This was done to
prevent the avulsion of the Mississippi River to the ARB. The Red River flows directly into the
Atchafalaya River and a percentage of the Mississippi River is discharged through ORCS into the
Atchafalaya River. Through an act of Congress, it was decided that 30% of the combined
discharge from the Red River and Mississippi River would enter the ARB and 70% would flow
down the Mississippi River. This 30/70 split is a yearly mandate but is operated as such on a
daily discharge ratio allowing for an operational margin of ±7.5% (Kozak et al., 2016). Discharge
through ORCS can regulate inundation timing, frequency, duration, and depth in the ARB. These
hydrologic conditions regulate habitats like the cypress-tupelo forests in the lower ARB.
Now, the ARB is an ecosystem that is heavily engineered to suit the needs of numerous
stakeholders while managing natural processes. Engineering and natural processes such as
levees, dredging, subsidence, sedimentation, sea level rise, and floodgates have created a
myriad of hydrologic changes which have had ecological consequences. For instance, the Flood
Control Act of 1928 designated the ARB as the primary floodway of the Mississippi River. This
initiated the formation of levees that reduced the historic size of the ARB and the creation of
the floodgates at the Morganza Spillway (Reuss, 2004). As a result of these changes and others,
the ARB floodplain now experiences reduced lateral hydraulic connectivity with the main
channel and prolonged flooding events.
Dredging and the placement of spoils on natural levees has reduced hydraulic
connectivity between the backswamp (i.e., the areas of forested wetland that extend beyond
the river’s natural levees) and the main channel (Baustian et al., 2019; D. Kroes et al., 2022).
5

Ridges of dredging spoils can create hydraulic barriers that redirect flow paths and prevent
overbank flooding of river water into the backswamp. During a flood pulse, flow used to
proceed north to south via sheet flow (Baustian et al., 2019; Piazza, 2014). Now, flood waters
are typically contained within major distributaries and do not enter the portions of the
backswamp region (Baustian et al., 2019; D. Kroes & Kraemer, 2013). This can be identified by
the limited areas where nutrient-rich turbid river water enters the floodplain (Figure 1) (Allen et
al., 2008; Baustian et al., 2019). Hypoxic zones can develop in the backswamp region when river
water, rich in dissolved oxygen (DO), is prevented from flowing through the backswamp via
overbank flooding (Baustian et al., 2019). Hypoxia in the backswamp can reduce ecological
productivity, reduce crawfish populations, and alter nutrient cycling (Baustian et al., 2019;
Kaller et al., 2011; D. Kroes & Kraemer, 2013; Piazza, 2014). A study showed that fertilized flood
water results in increased cypress seedling growth compared to non-fertilized water (Piazza,
2014; Souther & Shaffer, 2000).
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Figure 1. Frequency of turbid water classification in the lower Atchafalaya River Basin using 9
Landsat images between 1985 and 2006 (modified from Allen et al., [2008]). The legend
indicates how many of the 9 Landsat images were classified as turbid. The approximate study
area for this research is shown in red.
Both anthropogenic and natural changes (levees, canals, sea level rise, subsidence, etc.)
have caused prolonged inundation periods in the floodplain (Figure 2) (Keim et al., 2006; D.
Kroes et al., 2019; D. Kroes et al., 2022; D. Kroes & Kraemer, 2013; Piazza, 2014; Sabo et al.,
1999). This has had a detrimental effect on the regeneration potential of cypress-tupelo forests
(Conner & Buford, 1998; Keeland et al., 1997; Keim et al., 2006; King, 1995; D. Kroes et al.,
2022; Pezeshki, 1990; Piazza, 2014). Cypress trees can survive near constant inundation;
however, seedlings need an extended dry period during the growing season to avoid complete
7

inundation and thus mortality (Keim et al., 2006). Now, the ARB, which was once a vast area of
mature cypress-tupelo forest, is only capable of regenerating 5.8% of the cypress-tupelo (Figure
3) (Faulkner et al., 2009).

Figure 2. Frequency of water classification in the lower Atchafalaya River Basin using 9 Landsat
images between 1985 and 2006 (modified from Allen et al., [2008]). The legend indicates how
many of the 9 Landsat images were classified as inundated. The study area in this thesis is
shown in red.
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Figure 3. Cypress-tupelo forest and regeneration potential. (A) cypress-tupelo range, (B) areas
determined to naturally regenerate cypress-tupelo trees, and (c) areas suitable for artificial
planting (modified from Faulkner et al., [2009]). The study area in this thesis is shown in red.
Ecological designs have been proposed that would restore the hydrologic conditions of
the ARB, improve ecological health, and produce ecological services for stakeholders. An
ecological design regulates the inputs into a system, such as discharge into the ARB, to produce
desired ecological services and alterations to the ecosystem. Often, the discussion of ecological
restoration asks “restore to what condition?” In a system that has undergone so many
anthropogenic alterations, it is more relevant to consider “what are the desired ecosystem
changes and services?” Therefore, each restoration strategy for the ARB can be considered an
ecological design that intends to alter an ecosystem to a condition that produces desired
ecological services.
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The East Grand Lake plan developed by the Louisiana Department of Natural Resources
(LDNR), is an ecological design that focuses on altering hydraulic connectivity to a condition
where sheet flow can once again occur in the backswamp (Resources, 2012). The East Grand
Lake Plan is a site-specific design that aims to increase the hydraulic connectivity of one Water
Management Unit (WMU). A WMU is a hydrologic classification developed by the U.S. Army
Corps of Engineers (USACE) that categorized the ARB into 13 regions (Reuss, 2004). Each WMUs
represents a hydrologically separate region in the basin (Reuss, 2004). The East Grand Lake Plan
would be implemented by dredging areas where necessary and excavating cuts in levees along
distributaries so that river water can enter the backswamp more freely (Figure 4). In general,
restoring hydraulic connectivity one WMU at a time is a strategy intended to gradually
reestablish historic flow patterns for the betterment of biota in the floodplain.

Figure 4. Louisiana Department of Natural Resources’ East Grand Lake Plan. Excavating cuts in
the bayou levees is intended to increase lateral hydraulic connectivity (modified from CPRA
[2021]).
10

An alternative plan, based on adaptive environmental flow prescription, or ecological
design, was developed to restore basin-wide hydrologic conditions necessary to sustain
cypress-tupelo forests and complement ongoing restoration efforts (Kozak et al., 2016).
Environmental flows are hydrologic management targets that balance restoring natural flows
within the constraints of socioeconomic demands (Acerman & Dunbar, 2004; Arthington, 2012;
Kozak et al., 2016). In the ARB, it is required that 30% of the combined Mississippi River and
Red River discharge enters the ARB on a yearly basis; however, this requirement provides an
opportunity to manipulate the daily discharge ratio outside of the 30/70 ratio as long as the
budget is balanced by the year’s end (Kozak et al., 2016). The environmental flow design
prescribes the discharge from ORCS to regulated the inundation timing, frequency, duration,
and depth in the ARB that will sustain cypress-tupelo forests (Kozak et al., 2016). To develop the
environmental flow prescription for the ARB, flow-ecology relationships had to be established
(Table 1).
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Table 1. Environmental flow recommendations based on literature review (from Kozak et al.,
[2016]).

Flow-ecology relationships were established to identify the hydrologic conditions (flow
targets) that induced desired restoration outcomes and ecological services. The flow-ecology
relationships were created by researching the ecological outcomes and/or services that would
occur at a specific discharge at Simmesport (USGS #07381490) and stage at Butte LaRose (BLR;
USGS #07381515) (Kozak et al., 2016). Stage at BLR is indicative of the stage throughout the
ARB and is therefore useful as an estimation of inundation timing, frequency, depth and
duration (Kozak et al., 2016). For instance, at a stage of 5.2 m at BLR, overbank flooding is
expected to occur which would improve water quality in the backswamp (Table 1) (Baustian et
al., 2019; Kozak et al., 2016). The flow-ecology relationships also considered the impacts of
12

inundation duration; a prolonged extreme low-flow event maximizes cypress regeneration and
requires a stage of 0.5 m at BLR (Table 1). Ecological restoration was not the only consideration
of the environmental flow prescription. The flow-ecology relationships identified that crawfish
populations benefit from a 2-month summer drought and winter flood, which would aid
fishermen (Table 1).
Flow-ecology relationships and an analysis of the ARB flow regime was used to develop
the environmental flow prescription (Kozak et al., 2016). The Indicators of Hydraulic Alteration
(IHA) software was used to analyze the flow regime of the ARB from 1988 to 2012 (Kozak et al.,
2016). This produced the current range of flow variability in the ARB and provided hydrologic
boundaries for the prescribed flows. Flow targets for the environmental flow prescription were
based on flow-ecology relationships and were designed to be within the boundaries of the IHA
analysis.
The prescribed flow hydrographs were constructed with the USACE Regime Prescription
Tool (HEC-RPT) for wet, average, and dry years (Figure 5). The environmental flow prescription
is meant to be a flexible guideline that can be adapted to current environmental conditions,
flood management needs, and improved understanding of flow-ecology relationships (Kozak et
al., 2016). The prescribed flows were designed to sustain the cypress-tupelo forest by creating a
spring flood that entered the backswamp and a summer dry period meant to maximize forest
productivity and cypress regeneration potential (Kozak et al., 2016). Overbank Flooding,
Backswamp Flooding, and Upper Bound Extreme Low Flow (Figure 5) are environmental flow
targets (Table 1) intended to produce hydrologic conditions that help sustain the cypress-tupelo

13

forest. These environmental flow targets (Figure 5), and others based on flow-ecology
relationships, (i.e., Small Flood [Table 1]) are defined as “flow-ecology targets” in this thesis.

Figure 5. Environmental flow prescriptions for a wet, average, and dry year; and flow-ecology
targets (from Kozak et al., [2016]). The prescribed environmental flows are the gray, blue, and
brown hydrographs. Overbank Flooding, Backswamp Flooding, and Upper Bound Extreme Low
Flow are the flow-ecology targets.
Accurate evaluation of inundation extent and patterns in the ARB are central to the
success of the environmental flow prescription. The flow-ecology relationships were derived
from a literature review that often relied on basin-scale Landsat imagery to estimate inundation
patterns (Kozak et al., 2016). While this is appropriate for a basin-scale approach, there is a lack
of validation of flow-ecology relationships on a site-specific scale. A 2D hydraulic model of the
prescribed flows would help refine the environmental flow prescription by understanding sitespecific inundation patterns and thus inform flow-ecology relationships (Kozak et al., 2016).
Site-specific hydraulic numerical modeling of the ARB provides an opportunity to further
improve the understanding of hydraulic connectivity and inundation patterns in the basin.
14

There have been a limited number of hydraulic numerical models developed for the ARB.
Numerical modeling of the ARB is often on a basin-wide scale and doesn’t provide the
resolution necessary to assess inundation patterns for site-specific applications (HaydenLesmeister, 2018). For instance, the USACE has created basin-wide and multiple WMU-wide
hydraulic models of the ARB (Bell et al., 2018; Bell et al., 2017). The purpose of those models
was to understand the hydrodynamics of the basin during flooding. These modeling efforts
were intended to inform floodway management, not site-specific conditions (Bell et al., 2018;
Bell et al., 2017).
In 2018, a 1D2D model using SOBEK 2.12 software was created by Dr. HaydenLesmeister to investigate the effectiveness of proposed ecological designs in the Flat Lake
WMU, a hydrologic subunit of the ARB. The ecological designs included the Kozak et al. (2016)
environmental flow prescription and restoration projects (project elements) proposed by the
Atchafalaya Basin Program (ABP). These project elements aimed to increase the hydraulic
connectivity between the main channel and backswamp by excavating cuts in the levees along
bayous (CPRA, 2021). Modeling results indicated that full project element implementation
along with the adoption of the prescribed flow regime would likely provide the greatest
increase in the area suitable for natural cypress regeneration (Hayden-Lesmeister, 2018).
Additional fine-resolution modeling of the basin could help further predict the outcomes of
adopting the Kozak et al. (2016) prescribed flows (Hayden-Lesmeister, 2018). Utilizing a fully 2D
model could improve the accuracy of simulating inundation conditions and extent.
For my research, I used the HEC-RAS to investigate the hydrodynamics of the lower ARB
and explore the hydrologic conditions that result from implementing the Kozak et al. (2016)
15

environmental flow prescription. This included an exploration of prescribed environmental flow
targets and the potential to increase consecutive days without inundation, which is a factor
relevant to cypress regeneration. This research also explores how model refinement with
vertical feature (VF) extraction and mesh sizing might improve the model’s performance and
estimations of inundation extent.
HEC-RAS is a one- and two-dimensional hydraulic and hydrologic modeling program that
utilizes a structured or unstructured computational mesh transposed over a digital elevation
model (DEM) (USACE, 2020a, 2020c). A DEM is a three-dimensional representation of the
terrain being studied. Three equation sets can be used to solve for flow: Shallow Water
Equation, Eulerian-Lagrangian Method (SWE-ELM); Shallow Water Equation, Eulerian Method
(SWE-EM); and the Diffusive Wave (DW) approximation of the shallow water wave equations
(USACE, 2020c). For this thesis, the SWE-ELM equation is used because of the accuracy in low
gradient systems and simulating backwater effects (USACE, 2020c). Flow is calculated at each
cell face utilizing the underlying terrain and Shallow Water flow equations. Therefore, it is
critical to align cell faces with the crown elevation of significant vertical features (VFs) that
regulate flow, such as levees, river banks, and roads (USACE, 2020c). Significant VFs regulate
hydraulic connectivity between the main channel and backswamp in the ARB. Cell faces can be
aligned with user-generated polylines called breaklines. Breaklines are either created manually
by a user outlining what they perceive to be the most significant vertical features or with
automated third-party software. Though third-party software that generate breaklines were
not identified in this research, but it is assumed this product is offered in some capacity by an
unknown company. Generating breaklines by hand relies upon a user’s visual judgment of
16

terrain and can lead to inaccuracy at identifying the crown elevations of vertical features.
Another process to improve model accuracy is to decrease the mesh sizing so that cell faces are
more likely to align with, or be close to, significant VFs. The downside of increasing mesh
resolution is that it can dramatically increase computation time (USACE, 2020a).
A program has been created to identify significant VFs in a DEM and create polylines of
those features (Gao, 2021). These polylines are generated by an algorithm named PyVF, which
extracts significant potential VFs based on changes in elevation in the DEM within a userdetermined radius (Gao, 2021). The potential VFs, and subsequent VF polylines, can have
varying resolutions set by the user (sizing functions). Once polylines of VFs are created, they are
then exported as shapefiles and can be uploaded into hydraulic modeling software.
VFs can be imported as breaklines into HEC-RAS (Gao, 2021). Automatically identifying
VFs based on the underlying terrain and transposing them as breaklines in the cell mesh helps
improves accuracy in breakline creation. It was determined that the PyVF-created breaklines
were able to match the crown elevations of significant vertical features such as road beds and
levees in HEC-RAS (Gao, 2021). Accurately imposing breaklines on levees in the backswamp
could improve the performance of the model created for this research. Levees in the
backswamp have been found to act as hydraulic barriers reducing the lateral hydraulic
connectivity between the backswamp and AR (Baustian et al., 2019; D. Kroes et al., 2019; D.
Kroes et al., 2022).
To maximize the potential for cypress-tupelo regeneration, the prescribed flows include
a spring flood that initiates overbank flooding and an extended drawdown in the dry season
(Table 1 and Figure 5). The spring flood is designed to flush hypoxic water and replenish
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sediment and nutrients in cypress-tupelo swamps (Kozak et al., 2016). This would also disperse
cypress seeds via hydrochory. In the dry season, an extended drawdown in the river stage is
established to maximize cypress regeneration potential (Kozak et al., 2016). The extended
drawdown, or low-flow period, increases the area of the basin that experiences a prolonged dry
period, which is necessary for cypress seedling growth (Keim et al., 2006; Kozak et al., 2016).
Cypress regeneration is a complex multistep process that requires numerous
environmental factors to coincide. Regeneration occurs when a mature individual is replaced by
one of the same species (Kroschel et al., 2016). Successful regeneration requires the following
processes: seed dispersal, germination, seedling emergence, seedling establishment, and
survival (Kroschel et al., 2016). Regeneration is regulated by inundation depth, frequency,
timing, and duration (Keim et al., 2006; Middleton, 2000; Piazza, 2014).
A flood pulse is required to disperse floating cypress seeds; this process is called
hydrochory. It was found that in an impounded floodplain, seeds were not uniformly dispersed,
rather they tended to cluster at the high-water mark of the spring flood (Hayden-Lesmeister,
2018; Middleton, 2000). In a floodplain, such as the ARB, viable cypress seeds are typically
dispersed from November to June (Middleton, 2000). Once the flood waters recede, the seeds
can germinate at the highwater mark.
A continuous dry period during the growing season (April 1 – October 31; 214 days) is
required for newly germinated cypress seedlings to survive the next year’s flood (Keim et al.,
2006; Middleton, 2000). Newly germinated seedlings can survive inundation below their
foliage, but cannot survive complete inundation for extended periods in the growing season
(Middleton, 2000; Piazza, 2014; Souther & Shaffer, 2000; Xiao et al., 2002). A lab experiment
18

found that newly germinated cypress seedlings can survive complete inundation for up to 45
days; however, the water in the ARB is significantly more turbid than in the experiment and
thus could influence that timeline (Souther & Shaffer, 2000). Seedlings need to grow tall
enough so that overtopping by flood waters the following year does not occur for an extended
period (75% survival at 100 days for a 1-year-old seedling) (Conner & Buford, 1998; Keim et al.,
2006; Middleton, 2000; Souther & Shaffer, 2000). A seedling can grow at an idealized rate of .9
m yr-1 during the growing season overtopped (Conner & Buford, 1998; Keeland et al., 1997;
Keim et al., 2006; Williston et al., 1980). It has been estimated that a seedling in the ARB will
need about 100 or more continuous dry days in the growing season to survive the next summer
flood (Keim et al., 2006; Piazza, 2014). However, it is important to note that growing time
required for survival is dependent on numerous factors, such as the relative elevation of the
seedling, soil composition, turbidity of flood waters, canopy cover, herbivory, and the elevation
of subsequent floods (Keim et al., 2006; Piazza, 2014).
For this thesis, it is assumed that areas that were inundated and then experience 100 or
more consecutive dry days in the growing season are likely to possess the limited duration of
inundation necessary for cypress regeneration. Areas in the ARB that experience less than 100
continuous dry days in the growing season are assumed to be unsuitable for cypress
regeneration. Factors concerning seedling survival outside of hydrologic conditions are not
considered. The assumptions are limited in this way because this thesis aims to demonstrate
the area with the inundation duration suitable for natural cypress regeneration, not if a
seedling will ultimately survive to adulthood. Cypress regeneration models do exist and this is
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an area of research that could potentially be coupled with hydraulic modeling (Xiao et al.,
2002).
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Chapter 2. Methodology
2.1. Study Area
The study area (Figure 6), which is the model domain for this research, was selected
because of its cypress regeneration potential (Figure 3), proximity to river gages, availability of
topo-bathymetric data, and the computational limitations of modeling large areas in highresolution. The study area is located at the southern terminus of the ARB, Louisiana (Figure 6).
Within the study area, this research focuses on the Cypress Pass HUC12 (#080801010311) and
the American Pass bayou area. This collective area contains elevation ridges and inlets/outlets
that regulate flow into and out of the lower portion of the ARB backswamp. This focused area
within the region (Figure 7) will be hereafter referred to as the Blue Point Chute region. The
Blue Point Chute region contains Blue Point Chute and American Pass, which are distributaries
of the main channel that discharges into the backswamp. The direction of flow at American
Pass changes throughout the year, thus impacting the flooding and draining of this region. The
levees along the main channel and Blue Point Chute are some of the few areas that can remain
above water throughout the year in the study area (Figure 2). The high topography of the Blue
Point Chute region and its hydrologic significance to the backswamp provides a great
opportunity to research the effects of VFs and cell mesh sizing on modeled hydraulic
connectivity.
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Figure 6. Regional location of the modeling domain. The black polygons represent HUC10s and
the red area is the light detection and ranging (LiDAR) representation of the study area.
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Figure 7. Overview of the study area. The Blue Point Chute region (BPCR) is shaded in blue. The
location of American Pass is signified with the blue arrow. The beginning of Blue Point Chute is
identified with the black arrow.
The size of the study area (460.06 km2) was selected to balance mesh resolution and
computational expense. Generally, the smaller the mesh size the more accurate a hydraulic
model is; however, more cells require more computations, which increases the runtime. For
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this thesis, a nominal mesh size of 30 m was considered (discussed further in Section 3.4 Cell
Mesh and Boundary Conditions) which necessitated over 500,000 cells.
There are numerous data sources available for the study area, which include:
topographic data, bathymetric data, river gages, and landuse/land cover. Each data source was
needed to create a hydraulic model that can accurately simulate the hydrodynamics of the
basin. The data sources are subsequently described in greater detail in this chapter.
2.2. Digital Elevation Model
A DEM is a three-dimensional representation of the terrain being studied. For this
thesis, the DEM comprises numerous topographic and bathymetric data sources (Figure 8).
ArcMap V10.8.1 and HEC-RAS V6.1 were used to merge the terrain data into a seamless DEM.
Each data component and the methods required to compile them are discussed in this section.
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Figure 8. Bathymetry data location. Main channel bathymetry is not included for clarity. USACE
is United States Army Corps of Engineers. USGS is United States Geological Survey.
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The Northern Gulf of Mexico (NGOM1) topographic data set was used throughout the
study area. The NGOM1 topographic data was created by the United States Geological Services
(USGS) using light detection and ranging (LiDAR) collected on December 18 and 19, 2012 (USGS,
2022b). During this time, the stage at BLR was between 2.8 and 3.2 feet. A low river stage
during LiDAR collection, such as the case with NGOM1, exposes more bare earth and provides a
higher fidelity terrain model. A 3 m resolution version of the processed LiDAR data was used for
this model (USGS, 2022b). This means that each cell of the NGOM1 LiDAR data in this research
represents a 3 m-sided square. The NGOM1 data set was uploaded to ArcMap V10.8.1 and
merged with the other topo-bathymetric data components.
The NGOM1 data set also included bathymetry of the AR main channel. The AR
bathymetry was stitched to the topographic data by the USGS and delivered as a single
package. The bathymetry was collected by the USACE in 2010 and has a cell resolution of 3 m.
Additional bathymetry data was required to depict the waterbodies not included in the NGOM1
data set. The additional bathymetry data includes 2020 USACE bathymetry, 2006 USACE
bathymetry cross sections, and bathymetric field measurements collected by Dr. Daniel Kroes
of the USGS (Figure 8).
USACE bathymetry for the Gulf Intracoastal Waterway (GIWW) from Morgan City up to
Bayou Sorrell Lock was obtained from the USACE hydrograph surveys webpage (USACE, 2020b)
and merged with the research DEM. The GIWW bathymetry was surveyed in May 2020 as cross
sections in feet and represented as depths below the Mean Low Gulf datum (MLG). MLG is a
relative datum that is dependent on location and tidal influence. Thus, the data was converted
into meters NAVD88 by using an MLG to NAVD88 conversion at Morgan City (0.0 feet NAVD88 =
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1.89 feet MLG) which was supplied by the USACE in email correspondence (Joshua,
05/15/2022). Once converted to meters NAVD88, the cross sections were interpolated in
ArcMap and added to the DEM mosaic.
Bathymetry of Six Mile Lake, WLO, and channels adjacent to the main channel near
Myette Point were created in HEC-RAS using 2006 USACE survey data (USACE, 2006). The 2006
survey was collected as cross sections in feet below NAVD88 and presented to the public as a
pdf file. Each cross-section data point was manually entered into HEC-RAS, interpolated, and
then imposed upon the DEM using HEC-RAS’s DEM creator functionality.
The modeled bathymetry for the backswamp was created by using bed elevations
measured, calculated, and estimated by Dr. Kroes of the USGS and Dr. Allen from the Fish and
Wildlife Service (FWS) (Table 2) (D. E. Kroes, 2022a).
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Table 2. Descriptions of the data processing conducted to estimate bed elevation in the
backswamp (modified from D. E. Kroes, [2022c]).
Data Source
Type

Data Processing

Bathymetry

Mean depth calculated from surveyed cross-sections.

Satellite Image

Mean depth estimated from dates and river water management unit stages
where beds were exposed or similarity in vegetated cover on specific dates of
Google Earth imagery.

Nearby
Bathymetry

Mean depth measured from surveyed cross-sections on a subset of channels and
estimated for the remainder within a set of similar channels, dredged or natural.

Kelso (2011)

Determined from the bathymetric map of Henderson Lake (Kelso et al 2011).

Bathymetry &
Satellite
Imagery

Mean depth measured from surveyed cross-sections on a subset of channels and
estimated for the remainder within a set of channels that exhibited similar
vegetative characteristics, dredged or natural.

Near
Bathymetry

Mean depth estimated based on the closest similar channels dredged or natural.

Multibeam

Mean depth estimated from the USACE multibeam bathymetry on channels
intersecting and included in the Atchafalaya River 2012 Hydrographic Survey.

The horizontal extent of the bathymetry data is bounded by open water bodies, as
categorized by the National Hydrography Dataset (NHD), and does not include the Atchafalaya
River main channel (D. E. Kroes, 2022a). The process for estimating the bed elevations ranges
from field measurements to analyzing satellite imagery (Table 2) (D. E. Kroes, 2022a). Once
mean bed elevation was calculated for a water body, the values were entered into a shapefile
that reflected the NHD-designated extent. In some instances, the NHD designates an area as
open water even though field knowledge indicates the area to be seasonally dry. In this
instance, a mean bed elevation was not created and bare earth LiDAR data was the assumed
elevation.
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Edits of the bathymetry data were required to more accurately reflect site-specific
conditions. To refine the bathymetry estimations, the polygon shapefiles were resized to fit
within the crown elevation of natural levees. The crown elevation of natural levees in the
floodplain was identified by using the VF extraction polylines, which is discussed in greater
detail later in this chapter. Furthermore, in situations where the NGOM1 LiDAR data clearly
captured dry earth but the polygons indicated open water, the LiDAR elevation data was used.
Finally, the polygons were resized to intersect bathymetry data from other sources, such as the
main channel. This ensured that the elevation transition from the main channel to flood plain
was smooth. The bathymetry polygons were then compiled with the other DEM sources in
ArcMap and merged at a 3 m cell scale into a seamless DEM.
2.3. Vertical Feature Extraction
Vertical feature extraction is a process developed by Dr. Gao wherein the crown
elevations of significant VFs are identified and extracted from a terrain model as polylines (Gao,
2021). The significant VFs are extracted using an algorithm (PyVF) that utilizes changes in
elevation within a given radius of each terrain cell. Extracted VFs are not generated within the
user-determined radius of another VF. This means that VF polylines can be extracted in a way
that matches the computational cell sizes of hydraulic programs, such as HEC-RAS. In Dr. Gao’s
dissertation, the PyVF program was used to extract VFs and import them as breaklines in HECRAS (Gao, 2021).
For this research, Dr. Gao provided VFs extracted from the NGOM1 LiDAR in the Blue
Point Chute region (Figure 9). The VFs were extracted at three sizing functions: 30 m, 9 m, and 3
m (Figure 10). The sizing functions were selected to match the HEC-RAS cell mesh sizing, which
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is discussed later in this chapter. The VF polylines were imported into HEC-RAS as polylines and
then enforced as breaklines. Breaklines are a model refinement tool that forces the cell face to
align with the breakline. In HEC-RAS, flow is calculated at a cell face using the underlying terrain
data. Thus, by having breaklines located at the crown elevations of significant VFs, flow is
calculated at the crown elevation using the underlying terrain data. Typically, breaklines are a
user-generated polyline that requires a user to visually determine the crown elevations of VFs
in a DEM that they believe is significant (i.e., roads, levees, and ridges). Depending on the
accuracy of the user, this can lead to breaklines being located away from topographical high
points. In this way, VFs refine the breakline creation process by automatically identifying crown
elevations without a user’s visual judgment of terrain being needed.

30

Figure 9. Vertical feature (VF) extraction area in the Blue point Chute region (BPCR). GIWW is
Gulf Intracoastal Waterway, USGS is United States Geological Survey, DEM is digital elevation
model, and NAVD88 is National American Vertical Datum of 1988.
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Figure 10. Vertical feature extraction polylines. From left to right: 30 m sizing, 9 m sizing, 3 m
sizing.
VFs were not extracted outside of the Blue Point Chute region to reduce computational
run time. The study area outside of the Blue Point Chute region is inundated much of the year
(Figure 2), thus the topography would have a reduced impact on flow compared to the higher
elevations of the Blue Point Chute region.
2.4. Boundary Conditions and Cell Mesh
Boundary conditions are locations along the perimeter of the domain where water is
allowed to flow in and out of a HEC-RAS model. Water is not allowed to pass through any other
location along the perimeter of the domain. In HEC-RAS there are four types of external
hydraulic boundary conditions: discharge, stage, rating curve, and normal depth. This research
utilizes both stage and discharge boundary conditions (Figure 11).
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Figure 11. Boundary condition locations. GIWW is Gulf Intracoastal Waterway, USGS is United
States Geological Survey, DEM is digital elevation model, and NAVD88 is National American
Vertical Datum of 1988.
Wax Lake Outlet (WLO) and Atchafalaya River Outlet (ARO) are stage boundary
conditions along the downriver portion of the model (Figure 11). These boundary conditions
regulate the water stage at that perimeter location. The ARO and WLO boundary conditions
allow for flow to pass in either direction based on the energy gradient at the boundary
condition. For the purpose of calibration, the WLO and ARO boundary conditions regulate stage
rather than discharge. Observed discharge values at each location were used in the calibration
process, which is discussed further in section 3.6 Calibration.
Middle Fork is a boundary condition located in the central northern portion of the study
area at Little Tensas Bayou and is collocated with a USGS gage (USGS #295447091191500)
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(Figure 11). The Middle Fork boundary condition uses historic stage data from the USGS gage to
regulate flow. Both channelized and overbank sheet flow occurs at this area of the basin.
Overbank sheet flow in the central northern portion of the study area is a common occurrence
in the flood period of the year, but also becomes stagnant during low flow periods. The
expectation of sheet flow, channelized flow, and seasonal stagnation, is based on field
measurements and knowledge of Dr. Kroes and subsequent correspondence (D. E. Kroes,
2022b, 2022c). While not an absolute metric, the qualitative knowledge is informative for the
calibration phase of the model.
To capture the discharge at Middle Fork, the boundary condition was extended from
bank to bank at Little Tensas Bayou. The stage boundary condition at Middle Fork is regulated
by historic WSE data; therefore, the stage boundary condition can capture the WSE of both
sheet flow and channelized flow. The boundary condition was not extended beyond the Little
Tensas Bayou banks because it was unknown exactly where along the domain perimeter sheet
flow occurred. Rather than arbitrarily extending a boundary condition to increase the amount
of discharge during a period with overbank sheet flow, the boundary condition was kept within
the bayou channel that the USGS gage was measuring.
The remaining four boundary conditions are Chicot Near Myette, Atchafalaya River
North of Myette, GIWW, and Old River (Figure 11). All of these locations are flow boundary
conditions that extend from bank to bank. The discharge at each location is based on the
development of a rating curve, which is discussed in section 3.5 Hydraulic Forcings. These four
flow boundary conditions and Middle Fork generally represent how water is flowing into the
model. WLO and ARO are where flow typically flows out of the model.
34

The initial nominal size of the computational cell mesh is 30 m throughout the study
area. This sizing was selected in an effort to balance computation expense along with the high
resolution needed to accurately replicate hydraulic connectivity and inundation patterns.
A refinement region was created in the domain that matched the Blue Point Chute
region, which is the same location that VFs were extracted. The purpose of this refinement
region is to alter the mesh and VF sizing without changing the rest of the model’s mesh. This
process of altering the mesh creates new geometry files in HEC-RAS. Altering the mesh and VF
sizing in the Blue Point Chute region allows us to measure the impacts of VFs and cell mesh
sizing on hydraulic connectivity and inundation patterns in that area.
When trying to increase the mesh resolution within the Blue Point Chute region to 9 m
and 3 m a computational limitation arose. There are over 500-thousand cells in the domain at a
uniform nominal mesh sizing of 30 m. When the cell resolution in the Blue Point Chute region
refinement region is increased to 9 m, over two-million cells are required. A HEC-RAS
computational limitation prevented the geometry file from being created. A Blue Point Chute
region refinement region of 3 m would require about nine times as many cells.
To compensate for the computational limitation of HEC-RAS, the cell refinement region
was reduced to the just the portion north of the main channel. This area was then named the
reduced blue point chute region (RBCPR) (Figure 12). This reduced area is still useful in
determining connectivity because it still captures the topographical ridges along the
Atchafalaya River main channel.
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Figure 12. Nine-meter vertical features (VFs) enforced as breaklines in the Reduced Blue Point
Chute region (RBPCR) in HEC-RAS. BPCR is Blue Point Chute region, DEM is digital elevation
model, USGS is United States Geological Survey, and NAVD88 is North American Vertical Datum
of 1988.
In this new refinement region (reduced Blue Point Chute region), the 9 m cell mesh was
enforced with 9 m VFs (Figure 12). Thus, there are two geometry files: one with 30 m cell mesh
sizing throughout the basin and 30 m VFs in the entire Blue Point Chute region, and a copy of
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that geometry file except the reduced Blue Point Chute region contains 9 m mesh and 9 m VFs.
Unfortunately, a 3 m cell refinement was still impossible due to HEC-RAS computational
limitations.
2.5. Hydraulic Forcings
The lower ARB has numerous USGS river gages, but the coverage is not complete (Figure
13). There are USGS gages with historic data available at four of the seven boundary conditions
and two in the backswamp region. Of the four USGS gages located at boundary conditions, only
three were used in the model: Wax Lake at Calumet (WLO) (USGS #07381590), Lower
Atchafalaya River at Morgan City (ARO) (USGS #07381600), and Middle Fork Bayou Long at
Bayou Long (Middle Fork) (USGS #29547091191500) (Figure 13). A rating curve was developed
for the remaining boundary conditions by using synoptic discharge measurements taken at
each boundary condition location by Dr. Kroes ((USGS), 2012, 2022). This thesis focuses on the
hydraulic forcings in 2010 because of the comprehensive historic gage data, numerous synoptic
discharge measuring events, its proximity in time to topo-bathymetric collection dates, and its
classification as an “average” year in Kozak et al. (2016).
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Figure 13. United States Geological Survey (USGS) river gage locations. DEM is digital elevation
model, and NAVD88 is North American Vertical Datum of 1988.
Historic hydraulic data at WLO, ARO, and Middle Fork was extracted from the USGS
database and used as a hydrograph in this model (USGS, 2022a). Both WLO, and ARO have
historic observed stage and discharge values. At ARO and WLO there is a USGS approved datum
conversion for stage to WSE (NAVD88) (USGS, 2022a). The Middle Fork gage only records stage
data and does not have an approved datum conversion. At these three locations a stage
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hydrograph from December 20, 2009 to December 31, 2010 was retrieved from the USGS
database (USGS, 2022a). Gaps in the historic data were interpolated in HEC-RAS. The stage
hydrograph at WLO and ARO was converted to WSE (NAVD88 [m]). Using WSE as a boundary
condition at WLO and ARO provided the opportunity to use historic discharge measurements as
way to calibrate the model, which is discussed in section 3.6 Calibration and Validation. A
datum conversion had to be created for Middle Fork based on field experience, measurements,
and modeling results; this is further discussed in Section 3.6 Calibration and Validation.
The remaining boundary conditions do not have historic discharge measurements
associated with river gages, however, Dr. Kroes of USGS has collected synoptic discharge field
measurements at each of these boundary condition locations. The discharge measurements
were compared to stage at BLR to develop a stage-discharge rating curve for each boundary
condition (Figure 14). BLR was selected as the gage to develop the rating curves because of its
hydraulic connectivity to the main channel, use as a benchmark for WSE in the ARB in
numerous academic journal articles, and its use in the environmental flow prescription (Allen et
al., 2008; Baustian et al., 2019; Kozak et al., 2016; Piazza, 2014). Discharge into the model at
each location was determined by using the calculated rating curve equation and historic BLR
stage data from December 20, 2009 to December 31, 2010. Any gaps in data were interpolated
in HEC-RAS.
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Chicot Near Myette Rating Curve
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Figure 14. Rating curves for Atchafalaya River North of Myette, Chicot near Myette, Old River,
and Gulf Intracoastal Waterway (GIWW). CFS is cubic feet per second and BLR is Butte LaRose.

(figure cont’d)
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Old River Rating Curve
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GIWW Rating Curve
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Calibration gages are located in the central portion of the study area and have
associated historic stage data for 2010 (Figure 13). Each gage is used as a reference point to
determine the accuracy of the model during the calibration/validation phase. In addition to
calibration/validation, these gages are used as benchmarks to explore hydraulic connectivity
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and WSE throughout the backswamp region for flow-ecology purposes. Unfortunately, there is
no approved datum conversion for stage to WSE at these locations. Therefore, it was necessary
to develop a datum conversion based on field knowledge, field survey measurements, and
modeling results. This datum conversion is discussed in section 3.6 Calibration and Validation.
HEC-RAS hydrographs were developed using the flow targets from Kozak et al. (2016) to
simulate the prescribed flows (Table 1 and Figure 5). The prescribed flows selected for
modeling are discussed in section 3.7 Hydraulic Scenarios. The environmental flow prescription
utilizes discharge at Simmesport and WSE at BLR to develop environmental flow hydrographs
(Figure 5). These hydrographs can either be read as discharge targets at Simmesport or WSE at
BLR. For this model, the BLR WSE targets were used to create the following hydrographs at each
boundary condition: Prescribed Flow (representing an average year), Extreme Low Flow, and
Small Flood (Kozak et al., 2016) (Table 3). The same rating curves previously discussed were
used to develop the Kozak et al. (2016) hydrographs for the upriver locations (GIWW, Old River,
Atchafalaya River N. of Myette, and Chicot near Myette). In addition, a BLR-stage-to-WSE rating
curve was developed for WLO, ARO, and Middle Fork (Figure 16) using USGS river gage data
from 2010. Ultimately, only the WLO and ARO boundary condition were used in the prescribed
flows for reasons discussed in section 3.6 Calibration and Validation and section 3.7 Hydraulic
Scenarios.
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Table 3. Calculated environmental flow targets for the study area. AR is Atchafalaya River, CMS
is cubic meters per second, GIWW is Gulf Intracoastal Waterway, WLO is Wax Lake Outlet, ARO
is Atchafalaya River Outlet, WSE is water surface elevation, and NAVD88 is North American
Vertical Datum of 1988.
Flow-Ecology Targets
Date/Event
1-Jan
15-Apr
25-Apr
27-Apr
7-May
15-May
15-Jun
15-Oct
1-Jan
Extreme Low
Flow Event
Small Flood

BLR Stage
(ft)

Chicot near
AR (north of
Myette Point
Myette) CMS
(MCS)

8.9
14.1
17.1
17.1
14.1
14.1
4.9
4.9
8.9

5518.2
8276.3
9827.7
9827.7
8276.3
8276.3
3449.7
3449.7
5518.2

371.9
676.2
847.3
847.3
676.2
676.2
143.7
143.7
371.9

2.30
20.00

2070.63

-8.42 *
1018.45

11379.1

Calculated Flow-Ecology Targets
Middle Fork
Old River
GIWW
WSE
(CMS)
(CMS)
(NAVD88
[m])
104.1
207.4
1.29
167.1
279.4
1.91
202.6
319.9
2.25
202.6
319.9
2.25
167.1
279.4
1.91
167.1
279.4
1.91
56.9
153.4
0.83
56.9
153.4
0.83
104.1
207.4
1.29
25.3
238.0

117.4
360.5

0.52
2.60

WLO WSE
(NAVD88
[m])

ARO WSE
(NAVD88
[m])

0.96
1.44
1.72
1.72
1.44
1.44
0.59
0.59
0.96

0.98
1.45
1.72
1.72
1.45
1.45
0.62
0.62
0.98

0.35
1.99

0.38
1.99

* = 0 CMS was entered into the HEC-RAS hydrograph rather than a negative discharge. The assumption that flow does not
reverse in this area is based on general knoweldge of the basin.
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Middle Fork Rating Curve
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Figure 15. Calculated rating curves for simulating the environmental flow. The rating curves
were developed for the Atchafalaya River Outlet (ARO), Wax Lake Outlet (WLO), and Middle
Fork. WSE is water surface elevation, and NAVD88 is North American Vertical Datum of 1988.
(figure cont’d)
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2.6. Calibration and Validation
Calibrating and validating the model was a multistep process that included: selecting N
values, low flow calibration runs, creating datum conversions, high flow calibration, and
validation. Manning’s N values were imposed on the DEM using landuse/landcover data from
USGS 2006 National Land Cover Database (NLCD) (USGS, 2006) and USACE suggested N values
(USACE, 2020a). The N values of calibration runs that produce calculated results most similar to
observed values of river gages within the domain (ARO, WLO, Little Bayou Long, and American
Pass) were selected for research use. While the discharge out of the model has USGS approved
observations, there is no datum conversion for observed stage to WSE (NAVD88) at Middle
Fork, Little Bayou Long, and American Pass. These datum conversions were created during a
low flow calibration run (using 30 m cell mesh and 30 m VFs) and is discussed later in this
section. Once a datum conversion for Middle Fork, Little Bayou Long, and American Pass was
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created, a high flow calibration run was conducted. Then, the low flow and high flow calibration
runs were re-run using 9 m nominal cell mesh sizing and 9 m VFs in the reduced Blue Point
Chute region to see if cell mesh sizing impacted the accuracy of the model. Finally, the model
was validated by running a yearlong hydrograph and comparing calculated values outside of the
calibration time series to observed values.
2.6.1. Manning’s N values
Manning’s N values are frictional coefficients that compensate for surface roughness
and turbulence losses not included in a set of shallow water equations. These values vary based
on land use/land cover, are depth varying, and seasonally varying. In HEC-RAS v6.1, N values
cannot change with time or depth. So, one value needs to be selected that works in low flow,
high flow, and seasonally varying conditions. Furthermore, in HEC-RAS v6.1 the N value at the
center of a cell face is applied to the entire length of the cell face.
Initial N values were selected based on the 2006 NLCD. The USACE has a range of typical
N values for each land cover designation (USACE, 2020a). Initially, the median value of each
range was selected and applied to the DEM. Previous hydraulic modeling in the basin has
determined that the N values in the backswamp region are of little impact on the hydraulics of
a basin model (Hayden-Lesmeister, 2018; Jung et al., 2012). Some N values of previous
modeling include: .01 for the main channel, and 0.10 for the backswamp; to name a few
(Hayden-Lesmeister, 2018; Jung et al., 2012). The calibration process for this model included
over 50 simulations with different combinations of N values selected. For the purpose of this
report, selected low flow calibration runs and the corresponding N values are displayed in
(Table 4)
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Table 4. Selected Manning’s N values for low flow calibration.
Selected N Values of Land Cover Designation
Calibration
Run

R1.7
R1.8
R1.11
R1.12

Woody
Wetlands

0.15

Emergent
Herbaceous
Wetlands

Open Water

0.085

0.03
0.035
0.01
0.015

2.6.2. Low Flow Calibration
A low flow calibration period (November 7, 2010 to November 29, 2010) was used to
find N values that accurately recreated observed values, and to establish a datum conversion of
stage to WSE (NAVD88) for Middle Fork, Little Bayou Long, and American Pass. This time series
was selected because it represented an average low flow period when negligible flow from
Middle Fork was expected. The model consisted of 30 m nominal mesh sizing with 30 m VFs
imposed as breaklines in the Blue Point Chute region. The low flow calibration run with
calculated results most similar to observed values was rerun with 9 m nominal mesh sizing and
9 m VFs imposed as breaklines in the reduced Blue Point Chute region. All calibration runs and
hydraulic simulations used the SWE-ELM equation set. This equation set was selected because
of its accuracy in low gradient systems and simulating backwater effects (USACE, 2020c).
Furthermore, the SWE-ELM equation set is more accurate than the DW approximation at
replicating tidal influences and is more stable than the highly conservative SWE-EM equations
(USACE, 2020c). The computer used for all hydraulic simulations, is a Microsoft desktop with 32
GB of RAM and an Intel Core i9-10900x processor that operates at 3.70 GHz.
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The Middle Fork boundary condition was removed from the initial the low flow
calibration runs to establish a datum conversion. During low flow periods, there is negligible
overland and channelized flow in the central portion of that basin, as determined by Dr. Kroes’
field experience (D. E. Kroes, 2022b, 2022c). This period of stagnation meant that the Middle
Fork boundary condition could be removed without significant influence on discharge and WSE
in the study area during the low flow period. Thus, the difference between observed Middle
Fork stage and calculated WSE at the Middle Fork location during a low flow calibration would
provide a datum conversion.
A similar process as the Middle Fork boundary condition datum conversion was used to
develop a datum conversion for Little Bayou Long and American Pass. The backswamp WSE is
nearly level with the main channel during low flow periods ((USGS), 2012, 2022; D. E. Kroes,
2022b, 2022c). Furthermore, the backswamp experiences daily fluctuating inundation, which
indicates a tidal influence on inundation frequency. This significant correlation between
fluctuating WSE at the ARB outlets and WSE in the backswamp region provided an additional
point of comparison when calibrating the model without the Middle Fork boundary condition.
Once a calibration that most accurately replicated observed values was selected, the difference
between observed and calculated values at Little Bayou Long and American Pass would become
the datum conversion.
The objective of the initial low flow calibration runs (R1.7 through R1.12) was to match
the calculated discharge and inundation frequencies with observed values. A run that can
replicate the stage frequency in the backswamp and discharge out of the model is considered
capable of replicating the underlying physics of the study region (Figure 16 and Figure 17).
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Figure 16. Simulated and observed discharge during low flow periods. The orange region
reflects gaps in observed Atchafalaya River Outlet (ARO) data that influenced the calculated
results. CMS is cubic meters per second, WLO is Wax Lake Outlet, and Obs is observation.
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Figure 17. Calculated and datum converted water surface elevation observations. The orange
region reflects gaps in observed Atchafalaya River Outlet data that influenced the calculated
results. NAVD88 is North America Vertical Datum of 1988.
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A statistical analysis was performed for each run comparing calculated values to
observed values Table 5. The statistical analysis includes bias index (BI), root mean square error
(RMSE), scatter index (SI), index of agreement (IA) and the Pearson Product-Moment
Correlation Coefficient (r) (Equation 1); P is the predicted values and O is observed values. The
BI is a unit number that indicates the bias of a data set. This parameter helps modelers
understand, on average, the quantity that their model is biased compared to observed values.
RMSE is widely used measurement of accuracy that provides the average magnitude of error in
a unit form (Legates & McCabe, 1999; Meselhe & Rodrigue, 2013). SI is an index of RMSE where
a value of 0 means no error (Ozgur et al., 2012; Zambresky, 1989). The Pearson Product (r)
measures the phasing between the simulated and observed values The r value is a
measurement of how well the peaks and troughs of observed and simulated values line up
without accounting for amplitude (Legates & McCabe, 1999; Meselhe & Rodrigue, 2013). The r
values range from -1 to 1, where 1 is a situation were observed and predicted are parallel, o
means no relationship, and -1 is an inverse relationship between observed and predicted
values. IA is an extension of the Pearson Product that is an index similarity in phasing and
amplitude (Duveiller et al., 2015). An IA value of 0 means no similarity and 1 is an exact match
between the observed and calculated phasing and amplitude.
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Table 5. Low flow calibration results. The statistical analysis of R1.11 begins after a 7-day
warmup. RMSE is root mean square error, and CMS is cubic meters per second.
Low Flow Period
11/07/2010 11/29/2010

Atchafalaya River Outlet

Simulation
R1.7
R1.8
R1.11
Bias Index (CMS)
172.70 172.71 44.25
RMSE (CMS)
306.62 304.56 329.43
Scatter Index
0.21
0.21
0.23
Index of Agreement 0.92
0.92
0.90
Pearson Product
0.89
0.89
0.81
Location
American Pass
Simulation
R1.7
R1.8
R1.11
Bias Index (m)
0.06
0.08
0.01
RMSE (m)
0.09
0.10
0.06
Scatter Index
0.15
0.18
0.00
Index of Agreement 0.84
0.78
0.93
Pearson Product
0.84
0.81
0.90

Wax Lake Outlet

R1.12
98.80
295.92
0.21
0.92
0.86
R1.12
0.01
0.06
0.09
0.94
0.90

R1.7
R1.8
R1.11
R1.12
-3.70 -12.19 309.09 109.64
178.72 176.35 484.36 271.97
0.13
0.13
0.36
0.20
0.92
0.92
0.75
0.87
0.85
0.86
0.81
0.83
Little Bayou Long
R1.7
R1.8
R1.11
R1.12
0.06
0.08
0.01
0.01
0.10
0.11
0.06
0.06
0.16
0.19
0.10
0.11
0.80
0.75
0.90
0.91
0.77
0.74
0.84
0.84

Equation 1 - Statistical analysis equations. O represents observed values. P represents predicted
values. BI is bias index, SI is scatter index, RMSE is root mean square error, r is the Pearson
Product, and IA is Index of Agreement.
BI =

∑N
j=1(Pj − Oj )
N

2
∑N
j = 1(Pj − Oj )

RMSE = √

N

SI =

RMSE
1 N
∑ |O |
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̅ 2
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When calibrating the model, it was important to first consider if the calibration run
accurately simulates discharge out of the model (Figure 16). This was done by comparing the
statistical results in Table 5 for each run at each discharge point. The BI, RMSE, SI, and IA values
for each calibration run at ARO are similar enough that no distinction between runs can be
made. However, when viewing the RMSE, SI, and IA at WLO, it is clear that calibration run R1.11
(runtime 9h: 40min) is significantly less accurate than the other calibration runs. The RMSE for
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R1.11 is twice as large as R1.7 (runtime 8h: 20min) and R1.8 (runtime 8h: 30min), and the IA
value drops to .75, which indicates a poor fit in both amplitude and phasing (Table 5). R1.12
(runtime 7h: 55min) does perform less optimally than R1.7 and R1.8 at WLO, but the results are
still considered acceptable (Table 5).
The next step is to consider how similar the tidally influenced inundation patterns in the
backswamp region are replicated for each calibration run (Figure 17). The WSE plot for R1.7 and
R1.8 clearly shows a more muted response to tidally influenced inundation when compared to
R1.12 (Figure 17). This is exemplified by the lower r values of R1.7 and R1.8 compared to R1.12
(Table 4). Again, r reflects how accurately a model replicates the phasing (peaks and trough in a
curve) of observed values, therefore, this value is not affected by a datum conversion. Matching
the frequency of inundation is considered an indicator that the model replicates hydraulic
connectivity well.
Calibration run R1.12 accurately simulates discharge out of the system, while also
replicating the observed inundation frequency and amplitude in the backswamp. Runs R1.7 and
R1.8 are able to accurately simulate discharge, but the inundation frequency is muted
compared to observed values (Figure 17and Table 5). On the other hand, R1.11 accurately
captures the inundation phasing, but is least accurate in replicating discharge out of the ARB.
With this in mind, R1.12 is the preferred simulation because it achieves all objectives well. Once
the preferred calibration run was selected (R1.12), a datum conversion was developed by using
the difference between the moving average of R1.12 and the observed values at Little Bayou
Long, American Pass, and Middle Fork (Table 6). The statistical analysis for Little Bayou Long,
and American Pass are based on the observed values after the datum conversion (Table 5).
53

Table 6. Developed datum conversion for Little Bayou Long, American Pass, and Middle Fork.
NAVD88 is North American Vertical Datum of 1988.
Location
Stage to NAVD88
(m) conversion

Datum Conversion
American Pass
Little Bayou Long
-0.22m

-.098m

Middle Fork
-.03m

Once a desired N value for the study region was obtained, the low flow calibration was
rerun (calibration run R1.13 [runtime 8h: 3min) with the inclusion of the Middle Fork boundary
condition (using the stage to WSE datum conversion) to confirm that developed datum
conversion for Middle Fork does not have a significant influence on WSE or discharge in low
flow periods (Table 7). The similarity of statistical analysis results (Table 7) demonstrates that
the Middle Fork datum conversion was an accurate representation of observed values in a low
flow period with nearly stagnant water in the central portion of the study region.
Table 7. Statistical analysis of calibration run R1.12 through R1.15. RMSE is root mean square
error, and CMS is cubic meters per second.
Low Flow Period
11/07/2010 11/29/2010
Simulation
Bias Index (CMS)
RMSE (CMS)
Scatter Index
Index of Agreement
Location
Simulation
Bias Index (m)
RMSE (m)
Scatter Index
Index of Agreement

Atchafalaya River Outlet
R1.12
98.80
295.92
0.21
0.92
R1.12
0.01
0.06
0.09
0.94

R1.13
R1.14
98.93
103.95
295.21 298.24
0.21
0.21
0.92
0.92
American Pass
R1.13
R1.14
0.01
0.01
0.05
0.05
0.09
0.09
0.94
0.94

Wax Lake Outlet

R1.15
106.55
297.77
0.21
0.92

R1.12
109.64
271.97
0.20
0.87

R1.15
0.01
0.05
0.09
0.95

R1.12
0.01
0.06
0.11
0.91

R1.13
R1.14
109.54 106.90
271.78 275.67
0.20
0.20
0.87
0.87
Little Bayou Long
R1.13
R1.14
0.01
0.01
0.06
0.06
0.11
0.10
0.92
0.92

R1.15
102.61
269.37
0.20
0.88
R1.15
0.01
0.06
0.10
0.92

To reduce computational expense, calibration run R1.14 (runtime 5h: 6min) was
conducted to perform the same simulation but at a longer time step (Table 7). All previous
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calibration runs were 30 second timesteps; R1.14 was a minute timestep. Using a minute
timestep reduced the runtime from 8h: 3mins (R1.13) to 5h: 6min. The statistical analysis
results in Table 7 demonstrates that increasing the timestep from 30 seconds to 1 minute had a
negligible effect on agreement with observed values. Furthermore, the maximum courant
number was observed to be typically near or below 3.0. The HEC-RAS Hydraulic Manual explains
that a courant number below 3.0 is generally acceptable for simulations that use the SWE-ELM
equation set (USACE, 2020c).
Finally, a low flow calibration run (R1.15 [runtime 31h: 26min]) using the same N values
was conducted using 9 m nominal mesh sizing and 9 m VFs imposed as breaklines in the
reduced Blue Point Chute region. This run was calculated using a 30 second time step to
prevent the courant number from exceeding acceptable values. The similarity of statistical
results compared to previous calibration runs indicates that using 9 m nominal mesh sizing and
9 m VFs does not have a significant effect on modeling results during a low flow period (Table
7).
2.6.3. High Flow Calibration
Calibration runs R8.2 through R8.5 simulated an April 26, 2010 to May 15, 2010 time
series to verify that the model is well calibrated for high flow periods. Calibration runs R8.2
(runtime 6h: 41min) and R8.3 (runtime 6h:35min) used the same N values as the low flow
calibration run R1.12, but differ in the inclusion or exclusion of the Middle Fork boundary
condition. Finally, calibration run R8.4 (runtime 3h: 48min) varied the calculation time step and
R8.5 (runtime 25h: 20min) simulated 9 m VF and mesh sizing in the reduced Blue Point Chute
region.
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Calibration runs R8.2 and R8.3 were performed to verify that the N values and datum
conversions developed in the low flow calibration runs are accurate. Calibration runs R8.2 and
R8.3 use the same N values that were selected in low flow calibration run R1.12. Each run used
30 m nominal mesh sizing, 30 m VF extraction in the Blue Point Chute region, and a 30 second
time step. Run R8.2 included the Middle Fork boundary condition, whereas R8.3 did not.
Comparing the results of the two calibration runs demonstrates the effects of the Middle Fork
boundary condition on the model during periods when sheet flow is expected in the central
portion of the ARB and if the datum conversion for Middle Fork is accurate (Figure 18). A
statistical analysis of each high flow calibration was executed (Table 8).

Figure 18. High flow calibration results. ARO is Atchafalaya River Outlet, WLO is Wax Lake
Outlet, NAVD88 is North American Vertical Datum of 1988, and CMS is cubic meters per
second.
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Table 8. Statistical analysis of calibration runs R8.2 through R8.5. RMSE is root mean square
error, and CMS is cubic meters per second.
High Flow
4/26/2010 5/15/2010
Simulation
Bias Index (CMS)
RMSE (CMS)
Scatter Index
Index of Agreement
Pearson Product
Location
Simulation
Bias Index (m)
RMSE (m)
Scatter Index
Index of Agreement
Pearson Product

Atchafalaya River Outlet
R8.2
139.17
331.02
0.09
0.86
0.80
R8.2
-0.05
0.05
0.04
0.94
0.99

R8.3
R 8.4
-110.94 182.50
362.56 354.06
0.09
0.09
0.84
0.84
0.78
0.79
American Pass
R8.3
R 8.4
-0.11
-0.06
0.11
0.06
0.09
0.05
0.77
0.92
0.97
0.99

Wax Lake Outlet

R8.5
166.68
346.43
0.09
0.85
0.80

R8.2
-79.46
174.72
0.05
0.95
0.94

R8.5
-0.05
0.06
0.05
0.93
0.99

R8.2
-0.10
0.10
0.08
0.82
0.99

R8.3
R 8.4
R8.5
-102.20 -109.02 -106.92
182.63 196.73 191.12
0.05
0.06
0.06
0.95
0.94
0.95
0.94
0.93
0.94
Little Bayou Long
R8.3
R 8.4
R8.5
-0.18
-0.11
-0.10
0.19
0.11
0.10
0.14
0.08
0.08
0.57
0.81
0.82
0.95
0.99
0.99

The results of run R8.2 (includes Middle Fork boundary condition) and R8.3 (no Middle
Fork boundary condition) show that the inclusion of the Middle Fork boundary condition
improves model accuracy, that the datum conversion for Middle Fork is acceptable, and that
the selected N values are acceptable for high flow periods (Figure 18 and Table 8). The SI and
RMSE for calibration run R8.2 is significantly lower than R8.3 at American Pass and Little Bayou
Long (Table 8). This indicates that the inundation magnitude is more accurately represented
when the Middle Fork boundary condition is included in the model. The r results demonstrate
that calibration run R8.2 and R8.3 perform similarly in replicating observed phasing (Table 8). It
is also important to recognize that at ARO the inclusion of the Middle Fork boundary condition
did not have a significant impact on RMSE or SI, but does differ significantly in BI. This, in
combination with the unchanged results between R8.2 and R8.3 at WLO, indicates that the
discharge from Middle Fork is primarily routed to ARO. Furthermore, the high level of
57

agreement between discharge calculated results of R8.2 and observed values demonstrates
that the hydrodynamics of the study area are well replicated (Table 8). This indicates that the
datum conversion for the Middle Fork boundary condition is acceptable because the datum
conversion dictates the stage at Middle Fork, which in turn creates flow into the model at that
location. Finally, the calculated WSE results of R8.2 are within a 5 cm of observed WSE values at
American Pass (using the previously developed datum conversion) and within 10 cm at Little
Bayou Long. The high level of accuracy at American Pass and Little Bayou Long indicates that
inundation patterns in the backswamp region are simulated in a way that replicates the physics
of the basin (Table 8).
Calibration run R8.4 was conducted to determine if an increased time step would have
impacts on modeling results. Run R8.4 is the same as R8.2, but with an increased time step to 1
min. There is a negligible difference between simulated results using 30 second times steps
compared to 1-minute time steps (Table 8 and Figure 18). Observation of modeling outputs
indicate that the maximum sustained courant number in the study area was near 3.0. A time
step of 1 minute was used in the remaining hydraulic scenarios (except when simulating 9 m
mesh and VFs) because of the reduction in computational expense and accuracy in replicating
observed values.
Calibration R8.5 was simulated to demonstrate the impacts of 9 m cell mesh sizing and 9
m VF extractions on calculated WSE and discharge. Nine m cell mesh sizing and 9 m VFs
extracted as breaklines in the reduced Blue Point Chute region were imposed on the model. All
other settings were identical to run R8.2. Calculated results indicate that there was no
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measurable improvement in model accuracy when reducing cell mesh and VF size in the RPBCR
(Figure 18 and Table 8).
The yearlong hydrograph was simulated with 30 m mesh and VF sizing because the 9 m
VF and mesh calibration runs did not demonstrate an improvement in model accuracy. Using 30
m mesh and VF sizing required less computational expense than the 9 m alternative.
2.6.4. Validation and 2010 Yearlong Hydrograph
A yearlong hydrograph from December 20, 2009 to December 31, 2010 was simulated
(runtime 71h: 57min) to validate the model and provide results to inform ecological design. This
section only covers the validation of the model; ecological design results are discussed in the
Results chapter. The hydrograph was developed using observed values at WLO and ARO, and
the rating curves that were previously discussed in this chapter. The hydrograph was
interpolated between known values in HEC-RAS in situations were observed values were not
available for a given boundary condition. For the simulation, the Middle Fork boundary
condition was included, the mesh sizing was 30 m throughout the model, 30 m VFs were
extracted and imposed as breaklines in the Blue Point Chute region, and the time step was one
minute. Detailed output data was created every three hours. The December 20, 2009 to
January 1, 2010 period is the spin up time and is not included in analysis of model performance
or results (Figure 19, Table 9and Table 10). Gaps in the plot represent periods where observed
values are not available (Figure 19). The statistical analysis of the 2010 simulation was
calculated on an annual basis (Table 9) and quarterly basis (Table 10). The annual analysis is
intended to identify general model performance for 2010. The quarterly analysis illuminates
seasonal trends in model performance and highlights the conditions (i.e., high flow or low flow)
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where the model may be more biased or accurate. Again, gaps in observed data were not
included in the statistical analysis and the period from December 20 th, 2009 to January 1, 2010
is a warm-up period that is not included in analysis.
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Figure 19. 2010 observations and 2010 simulation results. CMS is cubic meters per second, BYU is Little Bayou Long, WLO is
Wax Lake Outlet, ARO is Atchafalaya River Outlet, and WSE is water surface elevation in relation to the North American
Vertical datum of 1988 (NAVD88).
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Table 9. 2010 statistical analysis on an annual basis. ARO is Atchafalaya River Outlet, WLO is
Wax Lake Outlet, WSE is water surface elevation in North American Vertical Datum of 1988,
RMSE is root mean square error, and CMS is cubic meters per second.
Location

Annual ARO Discharge

Annual WLO Discharge

Bias Index (CMS)
RMSE (CMS)
Scatter index
Index of Agreement
Pearson Product

33.26
349.87
0.09
0.99
0.98

-13.35
184.65
0.06
1.00
0.99

Location

Annual American Pass WSE Annual Little Bayou Long WSE

Bias Index (m)
RMSE (m)
Scatter Index
Index of Agreement
Pearson Product

-0.04
0.07
0.06
0.99
1.00

-0.07
0.09
0.07
0.99
1.00

Table 10. 2010 statistical analysis on a quarterly basis. ARO is Atchafalaya River Outlet, WLO is
Wax Lake Outlet, WSE is water surface elevation using the north American Vertical Datum of
1988, IA is index of agreement, RMSE is root mean square error, and CMS is cubic meters per
second.
Location
Quarter
Bias Index
RMSE (CMS)
Scatter Index
IA
Pearson Product
Location
Quarter
Bias Index
RMSE (m)
Scatter Index
IA
Pearson Product

1st
-64.69
476.33
0.09
0.93
0.92
1st
-0.09
0.10
0.06
0.96
0.99

ARO Discharge
2nd
3rd
140.80 91.74
298.22 299.59
0.06
0.10
0.96
0.97
0.94
0.95
American Pass WSE
2nd
3rd
-0.04
-0.04
0.05
0.05
0.04
0.04
0.99
0.99
1.00
1.00

4th
-43.68
295.91
0.16
0.93
0.89
4th
0.01
0.05
0.08
0.96
0.94

WLO Discharge
1st
2nd
3rd
4th
74.60
-99.80
-1.95
-6.90
161.11
189.15
151.52 221.99
0.04
0.04
0.06
0.13
0.98
0.98
0.99
0.92
0.97
0.97
0.98
0.86
Little Bayou Long WSE
1st
2nd
3rd
4th
-0.10
-0.12
-0.05
0.00
0.11
0.12
0.06
0.05
0.06
0.07
0.05
0.09
0.97
0.94
0.98
0.94
1.00
1.00
1.00
0.90

The accuracy of the 2010 simulation results compared to the observed values outside of
the original calibration time series validates that the model is properly calibrated and can
62

accurately simulate the observed 2010 hydrograph. The agreement between calculated and
observed values (Table 9) shows the patterns of inundation and discharge of the ARB are well
replicated in the model. The high IA value for each location shows that the model is able to
capture the amplitude and phasing of the study region.
To further support the validation of the model, a statistical analysis of the 2010
calculated results compared to the observed values on a quarterly basis was conducted (Table
10). The minimum IA value across all locations and quarters is .92, which means the phasing of
discharge and WSE is well replicated in this model. The SI indicates that the relative RMSE is
largest in the 4th quarter at all locations. However, the BI of American Pass and Little Bayou
Long in the fourth quarter is 1cm or less, which is more than accurate enough for researching
inundation patterns of the study region (Table 10).
The calculated WSE is negatively biased during high flow periods. The maximum WSE
bias occurs at Little Bayou Long in the 2nd quarter and is a negative value (Table 10). In addition,
the maximum difference between observed and simulated WSE is nearly 20 cm at peak
inundation (Figure 19). When considering maximum inundation results, it is important to
recognize that the model is biased to have a lower WSE of about 10-20 cm during that time
period. The WSE bias in the 1st and 2nd quarter is not expected to have a significant influence on
maximum area of inundation because at that period the vast majority of the basin is already
submerged.
When viewed as a whole and on a quarterly basis, the statistical analysis results support
the claim that the model is validated because of its ability to accurately replicated observed
values outside of the calibration time series (Table 10,and Figure 19).
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2.7. Hydraulic Scenarios
There are seven hydraulic scenarios simulated as part of this research. These hydraulic
scenarios include: 2010, Prescribed Flow, Extreme Low Flow (30 m), Small Flood, 9 m VF Max, 9
m VF Min, and Extreme Low Flow (9 m). The 2010 hydraulic scenario represents the yearlong
2010 hydrograph for the study area. The Prescribed Flow hydraulic scenario is the prescribed
environmental flow for an average year. The Extreme Low Flow and Small Flood hydraulic
scenarios are steady state simulation of flow-ecology targets within the prescribed
environmental flow. The 9 m VF Max and 9 m VF Min are hydraulic simulations using the 2010
hydrograph at a high flow and low flow time series using 9 m VFs and mesh sizing. Finally, “(30
m)” and “(9 m)” denotes the VF and mesh sizing of a hydraulic simulation. The hydraulic
scenarios are discussed in greater detail throughout this section.
The results and subsequent conclusions of the hydraulic scenarios aim to resolve the
thesis objectives:
•

To create a calibrated and validated 2D hydrodynamic model of the lower ARB
using various VF and mesh resolution sizes

•

Determine the effects of VF and mesh sizing on model performance and
hydrology

•

Simulate the environmental flow suggested by Kozak et al. (2016) and compare
hydrologic conditions to 2010 baseline conditions

The year 2010 was selected for modeling for numerous reasons. There is an abundance
of historic gage values, the topo-bathymetric data was collected during this time period, and
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the 2010 hydrograph is considered an “average” year in the Kozak et al. (2010) environmental
flow prescription.
The results of the 2010 hydraulic scenario support the research objectives of comparing
the hydrologic conditions of the environmental flow prescription to baseline conditions in 2010,
and demonstrating the applications of hydraulic modeling for informing ecological design. The
2010 results include the inundation extent and hydrographs during the Kozak et al. (2016) flowecology targets (Figure 5, Table 1, and Table 3) (discussed further in section 1.2 Literature
Review). Comparing the inundation extent and hydrographs from the 2010 results with the
expected hydrologic conditions from the prescribed flow can help inform and refine that
ecological design. Results from the 2010 hydraulic scenario are also used to identify the area
most hydrologically suitable for cypress regeneration. For this thesis, the area most
hydrologically suitable for cypress regeneration is defined as the area that is inundated and
then experiences 100 or more consecutive dry days in the growing season. The 2010 results do
not determine is a seedling can regenerate, but rather if the inundation timing and duration for
an area is favorable for regeneration. The limitations of determining the area most
hydrologically suitable for cypress regeneration are discussed further in the Results section.
The 2010 yearlong hydrograph was created using observed values and the previously
mentioned rating curves (Figure 14) that were developed as part of this research (Section 3.5).
The observed stage hydrograph at WLO, ARO, and Middle Fork was directly entered into HECRAS after a datum conversion. Gaps in the historic data were interpolated in HEC-RAS.
Discharge in the domain was calculated using the observed values at BLR and converting that to
discharge using the developed rating curve at each remaining boundary condition. The 2010
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simulation has a warmup period from December 20, 2009 to January 1, 2010. Simulation results
are extracted in the form of calculated hydrographs at WLO, ARO, Little Bayou Long and
American Pass, as well as inundation boundaries. Modeling results are further discussed in In
Chapter 4.
The results of the Prescribed Flow determine the hydrologic conditions of the
environmental flow prescription for an average year. The area most hydrologically most
suitable for cypress regeneration is displayed to demonstrate the potential improvement in
cypress regeneration area compared to 2010 if the environmental flow prescription is
implemented. Again, the area most hydrologically suitable for cypress regeneration is defined
as the area that is inundated and then experiences 100 or more consecutive dry days in the
growing season. Limitations are further discussed in the results section. It is important to note
that the prescribed flows are management guidelines and therefore the Prescribed Flow is a
hypothetical hydrograph that is unaltered to meet real-world conditions.
The Prescribed Flow hydrograph was developed for HEC-RAS using the flow targets in
Kozak et al. (2016) and the hydraulic forcings previously discussed. A desired stage at BLR was
identified for targeted dates using the flow-ecology objectives outlined in the Kozak et al.
(2016) paper (Figure 5). Discharge at the boundary conditions for the target dates were
calculated using the previously mentioned rating curves (Table 3). Discharge between target
dates was interpolated in HEC-RAS. The target dates, associated BLR stage, and discharge
values are discussed in section 3.5 Hydraulic Forcings (Table 3). Rating curves had to be
developed for BLR stage to WSE at WLO, ARO, and Middle Fork (
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Figure 15). The rating curves were developed by comparing observed stage at BLR in
2010 to observed stage at WLO, ARO, and Middle Fork in 2010.
Upon review of the developed Middle Fork rating curve, it was determined that the
Middle Fork boundary condition would not be used for hydraulic scenarios simulating
prescribed flow regimes. This decision was made because the results in the target WSE at
Middle Fork are always higher than the WSE at WLO and ARO by about 40 cm. This is not
realistic during low flow periods based on the 2010 results, observed 2010 hydrograph, and Dr.
Kroe’s field experience ((USGS), 2012, 2022; D. E. Kroes, 2022b, 2022c; USGS, 2022a).
Inaccurately adding discharge into the backswamp during a low flow period would increase the
WSE and significantly impact the minimum inundation extent of the Prescribed Flow.
Furthermore, the Prescribed Flow is a hydrograph that slowly increases and decreases in
discharge. This gives the model ample time to reach a WSE in equilibrium between flow-ecology
targets. It is for those reasons: continuously higher WSE at Middle Fork compared to WLO and
ARO, and the ability of the model to reach a WSE in equilibrium; that the Middle Fork boundary
condition was not included.
The ecological design developed by Kozak et al. (2016) includes flow-ecology targets for
dry years and wet years. In a dry year, there is a flow-ecology target called Extreme Low Flow
that is intended to drawdown WSE as much as feasible in order to maximize the recruitment
area of cypress-tupelo forests. In a wet year, a Small Flood event is prescribed in order to
accommodate spring floods. The Extreme Low Flow and Small Flood events are simulated as a
steady state hydrograph in this research. A steady state hydrograph was chosen because the
Extreme Low Flow event in the prescribed environmental flow is a months-long constant flow
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target and the Small Flood creates a WSE high enough to inundate the vast majority of the
basin, thus the backswamp region fills in rapidly. The discharge and WSE values for the model
were developed using the same rating curve as previously discussed (Figure 14 and
Figure 15). Both events are simulated are 7 days long and use a 30 m nominal mesh and
VF sizing in the Blue Point Chute region. Results were collected at the end of the run once WSE
had reached steady state.
Some of the previous hydraulic scenarios were repeated with 9 m VFs and mesh
enforced in the reduced Blue Point Chute region. The purpose of these simulations is to
determine if increasing the mesh resolution and using a smaller VF sizing had an impact on
model performance and inundation extent. The following runs were repeated with 9 m VFs and
mesh in the reduced Blue Point Chute region: Extreme Low Flow Event, and two time series
during the 2010 hydraulic scenario. The two time series during the 2010 hydraulic scenario are
February 15, 2010 to February 26,2010 (9 m VF Max) and September 19, 2010 to September 28,
2010 (9 m VF Min). These time series represent the maximum inundation of 2010 and a low
inundation event in the growing season, respectively. The Extreme Low Flow Event (9 m) is a
seven-day steady state analysis using the same boundary conditions as the 30 m counterpart.
The hydrographs of the 9 m VF max and 9 m VF min are the same as the 2010 hydraulic
simulation. The only difference is that the time step has been increased to 30 seconds. This is
also true for the Extreme Low Flow (9m) except it uses the Extreme Low Flow hydrograph.
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Chapter 3. Results
3.1. Results Overview
In this chapter the results of the hydraulic scenarios are displayed and briefly discussed.
Discussion in this chapter is limited to highlighting key points and comparisons between results.
An in-depth discussion and analysis of the results are included in the Discussion and Conclusion
chapter of this thesis.
3.2. 2010 Flow-Ecology Target Results
Flow-ecology targets are flow targets from the prescribed environmental flow that are
anticipated to regulate ecological services and ecosystem alterations in the ARB (Kozak et al.,
2016). These flow-ecology targets represent what anticipated hydrodynamic conditions will
occur at a given stage at BLR, and the subsequent ecological services that are expected in the
Kozak et al. (2016) environmental flow prescription. For instance, overbank flooding is expected
to occur in the ARB at BLR stage 12.1 ft; the anticipated ecological service of overbank flooding
is to increase the amount of freshwater in the backswamp which increase DO and benefits
crawfish harvest (Kozak et al., 2016). Only hydrologic conditions that occur during flow-ecology
targets are considered for the results of this thesis.
The flow-ecology targets are: Overbank Flooding (BLR stage 12.1 ft), Backswamp
Flooding (BLR stage 8.9 ft), and the Upper Bound Extreme Low Flow (BLR stage 2.3 ft) (Figure
20). To investigate these flow-ecology targets, an analysis of the 2010 hydrograph was
conducted to identify the time series where hydrologic conditions were most similar to flowecology targets (Figure 20). Then, an inundation map, a velocity map, and hydrographs that
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most nearly reflect the flow-ecology targets of the environmental flow prescription were
extracted from the 2010 results (Figure 21, Figure 20, Figure 22 and Table 11).

2010 Butte La Rose Stage and Flow-Ecology Targets
20
2010 stage at BLR (ft)

18

Overbank flooding target

16

Backswamp flooding target
Upper Bound Extreme Low Flow target

Stage at BLR (ft)

14
12
10
8
6
4
2

0
12/3/2009 1/22/2010 3/13/2010 5/2/2010 6/21/2010 8/10/2010 9/29/2010 11/18/2010 1/7/2011 2/26/2011

Date

Figure 20. Flow-ecology target and stage at Butte La Rose (BLR) in 2010. Results were extracted
from times when the colored lined intersect the hydrograph.
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Figure 21. Inundation extents of 2010 results that are most similar to flow-ecology targets.
BPCR is Blue Point Chute region, and USGS is United States Geological Survey.
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Table 11. Results from the flow-ecology targets in 2010. CMS is cubic meters pers second, and
WSE is water surface elevation in relation to North American Vertical Datum of 1988 (NAVD88).
Flow Targets

Overbank
Flooding

Backswamp
Flooding

Upper Bound
Extreme Low Flow

Atchafalaya North of Myette. (avg.
calculated) [CMS]

7224.55

5600.63

2130.24

Chicot Nr Myette (avg. calculated) [CMS]

560.13

381.00

-1.85

Old River (avg. calculated) [CMS]

143.10

106.00

26.71

Gulf Intracoastal Waterway (avg.
calculated) [CMS]

251.96

209.55

118.92

Middle Fork WSE (avg. calculated) [m]

1.66

1.44

0.44

421.04

407.81

243.08

1.45

1.24

0.47

1.42

1.22

0.48

4658

3500

1384*

4023

2952

39

Inundation Area (closest time step to avg.
Little Bayou Long stage) [km2]
Little Bayou Long WSE [m] NAVD88 (avg.
calculated)
American Pass WSE [m] NAVD88 (avg.
calculated)
Atchafalaya River Outlet Discharge [CMS]
(avg. calculated)
Wax Lake Outlet Discharge [CMS] (avg.
calculated)
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Figure 22. Velocity (m/s) profile map extracted from HEC-RAS. The area circled in red is Duck
Lake. The area circled in white is the stagnant zone in the Blue Point Chute Region next to the
main channel. The white doppler lines represent flow paths and relative speed. The legend in
the bottom right indicates velocity in m/s.

The hydrographs of time series where the stage at BLR met flow-ecology targets were
extracted from the 2010 results (Figure 20, Table 3, and Table 11). Both the Overbank Flooding
and Backswamp Flooding flow-ecology targets (i.e., stage at BLR) occurred in 2010 more than
once (Figure 20). The hydrograph of each instance was averaged and tabulated (Table 11).
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The inundation boundary from the 2010 results that most closely reflects the flowecology targets and corresponding average Little Bayou Long stage (Table 11) was extracted
(Figure 21) (Overbank Target: 3/12/2010 00:00, Little Bayou Long 1.54 m; and Backswamp
Flooding: 5/01/2010 12:00, Little Bayou Long 1.25 m). The area of the extracted inundation
boundary was calculated in ArcMap and tabulated with the averaged hydrograph results (Table
11). Most notably, the inundation extent of the Overbank Flooding flow-ecology target does not
overtop the levee along the majority of the Atchafalaya River main channel. However, the area
along the GIWW is clearly inundated during this time. In fact, the levees along the GIWW were
overtopped during the Backswamp Flooding flow-ecology target.
A velocity map was extracted from HEC-RAS during Overbank Flooding (3/12/2010
00:00) to demonstrate flow paths at that time (Figure 22). The areas colored in warmer tones
represent locations where water is flowing at a higher velocity and the white doppler lines
demonstrate flow paths (Figure 23). This indicates that flow in the Blue Point Chute region, at
that time, is directed through Blue Point Chute towards Duck Lake and stagnant along the main
channel (Figure 22). This is similar to what the Landsat images from Allen (2008) demonstrate
(Figure 1). The implications derived from this map are further discussed in the next chapter.
Finally, the stage at BLR on 11/19/2010 at 15:000 was within 7 cm of the Upper Bound
Extreme Low Flow target. The hydrograph and inundation map at that time series is considered
reasonably similar to the desired inundation of the Upper Bound Extreme Low Flow Target.
Therefore, the calculated results on 11/19/2010 at 15:00 were extracted (Figure 21, Figure 22,
and Table 11). The grey area in the inundation map (Figure 21) illustrates the inundation extent
analogous to the Upper Bound Extreme Low Flow event. The inundation extent of this flow74

ecology target is approximately 90 km2 larger than the Extreme Low Flow inundation extent (to
be discussed later in this chapter). This is expected because the stage at BLR is higher for the
Upper Bound Extreme Low Flow than the Extreme Low Flow Event. Furthermore, the flowecology target in the 2010 hydrograph on briefly occurs, which would not give the backswamp
enough time to fully flush out and equilibrate, unlike the simulated Extreme Low Flow Event.
3.3. 2010 Hydrologic Conditions Relevant to Cypress Regeneration
The results from the 2010 simulation provide an average year for the environmental
flow prescription to be compared to, and demonstrates applications of hydraulic numerical
modeling for informing ecological design. The 2010 hydraulic scenario provides insights into the
hydrologic conditions relevant to cypress regeneration for an average year (as classified in
Kozak et al. [2016]); however, it is not specifically a cypress regeneration model. Therefore, the
following limitations and assumptions are necessary to display the area most hydrologically
suitable for cypress regeneration:
•

Cypress seeds distribute uniformly (via hydrochory) in inundated areas and do
not disperse into areas that were never inundated.

•

Seeds germinate the moment land is dry and only during the growing season
(April 1 – October 31).

•

Seedlings survive periods of total inundation during the growing season.
o This assumption is made because a flood pulse in June and July has the
potential to drown seedlings that sprouted on dry ground beginning April
1. These potential mortality events are significant for the 2010 year;
however, the purpose of this hydraulic scenario is to demonstrate the
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area most hydrologically suitable for natural cypress regeneration, not to
predict if seedlings survived that specific year. Furthermore, seedlings
have been found to survive periods of complete inundation (Souther &
Shaffer, 2000).
•

Areas with 100 or more consecutive dry days in the growing season are
considered most hydrologically suitable for cypress regeneration (Keim et al.,
2006; Piazza, 2014). Areas with less than 100 consecutive dry days are
considered not suitable for natural cypress regeneration (Keim et al., 2006;
Piazza, 2014).

Once the 2010 simulation was complete, hydrographs and inundation maps were
extracted from HEC-RAS to investigate the area most hydrologically suitable for cypress
regeneration. Results relevant to this investigation included inundation timing, duration,
extent, and depth. The results are hydrographs and inundation maps that were extracted as
maximums, minimum, and/or at a specific series. HEC-RAS was set to display results on a 3-hour
time step. Inundation maps were extracted as raster files using RAS Mapper and then imported
to ArcMap for processing. Processing included functions such as transforming raster files to
polygons, overlaying results, and calculating area.
Several inundation maps were extracted to investigate the are most hydrologically
suitable for cypress regeneration in 2010 (Figure 23, Figure 24 and Figure 25). The following
inundation boundaries were extracted:
•

inundation boundary on June 5th (148 remaining growing days)

•

inundation boundary on July 23rd (100 remaining growing days)
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•

maximum inundation boundary

•

inundation boundary Nov 1 (end of growing season)

The 2010 hydrograph of Little Bayou Long was analyzed (Figure 19 and Figure 23) to
determine the inundation extents that should be extracted from HEC-RAS (Figure 24 and Figure
250. The WSE at Little Bayou Long is considered representative of the WSE in the backswamp
because it is the most centrally located gage in the study area. An inundation boundary was
extracted from June 5th because that day is the peak WSE of a late flood pulse during the
growing season (Figure 23, Figure 24, and Figure 25). Therefore, June 5th marks the beginning of
a near continuous draw down period and the start of consecutively dry days for much of the
study area. There are 148 days between June 5th and the end of the growing season. There are
100 growing days between July 23rd and October 31st (Figure 23). Therefore, the elevation band
between June 5th and July 23rd experiences 148 to 100 consecutive dry days in the growing
season, which is considered favorable for cypress regeneration. Any seedling that germinates
after July 23rd or receives less than 100 consecutive dry days is considered to be in an area not
suitable for cypress regeneration (displayed in beige in Figure 24 Figure 25). Thus, the area
shaded in cyan (Figure 25 and Figure 26) received about 148 to 100 consecutive dry days during
the growing season, which is considered suitable for cypress regeneration. Finally, the
inundation boundary extracted from November 1st (displayed as grey in Figure 24 and Figure
25) demonstrates the approximate area that was continuously inundated throughout the
growing season.
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Water Surface Elevation (NAVD88 [meters])

WSE at Little Bayou Long During Growing Season
2.5
2
1.5
1
0.5

Observed WSE at LBL

Calculated WSE at LBL

0
3/23/2010

5/12/2010

7/1/2010
Date

8/20/2010

10/9/2010

Figure 23. Water surface elevation (WSE) at Little Bayou Long (LBL) during the growing season.
The green circle represents the inundation when 148 days are left in the growing season. The
red circle is WSE at 100 days left in the growing season. Any time series below the black line did
not have more than 100 days in the growing season.
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Figure 24. The number of consecutive dry days in 2010 during the growing season. “Growing
Days” is short-hand for the number of consecutive dry days within the growing season. Boxed
region is shown as a cut view in Figure 25. USGS is United States Geological Survey.
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Figure 25. A cut view of the 2010 number of consecutive dry days in the blue point chute region
(BPCR). USGS is United States Geological Survey.
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The maximum inundation boundary reflects the furthest extent that cypress seeds could
disperse via hydrochory (Figure 24 and Figure 25). Thus, the maximum inundation boundary is
assumed to be the highest elevation that a cypress seed could germinate in the 2010 scenario.
The maximum inundation extent was extracted from HEC-RAS and added to Figure 24 and
Figure 25 as a green shaded region. This shaded region is very minor because the difference
between the maximum inundation and June 5th at Little Bayou Long is approximately 15 cm.
The shaded area (green) between the maximum inundation extent and June 5th inundation
extent represents land that had been inundated and is continuously dry for more than 148 days
(Figure 24 and Figure 25). Therefore, this region is also considered most hydrologically suitable
for cypress regeneration.
Assuming that the seedlings survive until June 5th, the area most hydrologically suitable
for natural cypress regeneration (cyan and green in Figure 24 and Figure 25) in 2010 is 30.96
km2 (6.73% of the research domain [ total domain is 460.06 km2]) (Table 12). The area never
inundated is concentrated along the river banks of the Atchafalaya River main channel
(magenta area in Figure 24 and Figure 25). Notably, the area never inundated does not extend
to the eastern side of the study area, which means that overbank flooding occurs along the
GIWW. Also, the area most hydrologically suitable for cypress regeneration is located along the
Atchafalaya River main channel and in Blue Point Chute region (Figure 24 and Figure 25). This is
likely due to the significant elevation change that occurs along the Atchafalaya River and in the
Blue Point Chute region compared to the relatively flat and low-lying elevation of the central
and eastern portion of the study area.
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Table 12. The inundation extent and duration in the 2010 hydraulic scenario.

Hydraulic
Scenario

2010
Maximum
Inundation
(km2)

2010 Inundation
Extent With 100
Growing Days
Remaining (km2)

2010 Area with
100 or More
Consecutive Dry
Growing Days
(km2)

2010 Area with
100 or More
Consecutive
Dry Growing
Days (%)

2010 Area
Never
Inundated
(km2)

2010 (30 m
vertical
features and
mesh)

441.1

410.2

30.96

6.73%

18.9

3.4. Prescribed Flow Results
The Prescribed Flow is the average year hydrograph from the Kozak et al. (2016)
environmental flow prescription (runtime 69h: 32min). It represents a flow target guideline to
maximize cypress-tupelo forest health. This includes maximizing the potential area for cypresstupelo regeneration (Table 1).
The area of the Prescribed Flow that was once inundated and received 100 or more
consecutive dry days in the growing season is 100.8 km2 or 21.91% of the study area (Table 13
and Figure 26). This was determined by extracting the maximum inundation extent and the
inundation extent when 100 days were left in the growing season (July 23rd). The area between
the two boundaries is considered most hydrologically suitable for cypress regeneration. The
percent time inundated was extracted from the Prescribed Flow results and added to the
inundation maps (Figure 26). The area most hydrologically suitable for cypress regeneration in
the Prescribed Flow is a 69.8 km2 increase from the area during the 2010 year (Table 13). This
happened because the drawdown occurs sooner and more deeply than in 2010. In addition,
there is no summer flood that limits the number of consecutive dry days like in 2010. This
indicates that if the Prescribed Flow for an average year were to be implemented, the potential
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natural cypress regeneration area would dramatically increase compared to an average year in
the ARB.
Table 13. A comparison of inundation extent and duration for each hydraulic scenario.

Hydraulic
Scenario

Maximum
Inundation
(km2)

Inundation
Extent With
100 Growing
Days
Remaining
(km2)

Area with 100
or More
Consecutive
Dry Growing
Days (km2)

Area with 100
or More
Consecutive
Dry Growing
Days (%)

Area
Never
Inundated
(km2)

2010 Hydrograph
(30m)

441.1

410.2

30.96

6.73%

18.9

Prescribed Flow

436.4

335.6

100.8

21.91%

23.7

-4.7

-74.6

69.8

15.18%

4.8

436.4

152.6

283.8

61.69%

23.7

-4.7

-257.6

252.8

54.96%

4.7

Change from
2010 to
Prescribed Flow
Prescribed Flow
with Extreme Low
Flow
Change from
2010 to Extreme
Low Flow
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Figure 26. Area with 100 or more consecutive dry growing days in the Prescribed Flow. Using
the legend, the area identified as percent time inundated has 100 or more consecutive dry days
in the growing season and the magenta area was never inundated during the Prescribed Flow.
The white area within the perimeter was always inundated.
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Just as with the 2010 hydraulic scenario, the area never inundated is concentrated along
the main channel and does not extend to the eastern section of the study area. This indicates
that overbank flooding did not occur along the main channel but does along the GIWW.
Furthermore, there is no area never inundated in the central portion of the study area for both
hydraulic scenarios. This means that sheet flow occurs in this portion of the basin at least for
some period of time. The large percent time inundated in the central portion of the study
region further supports the claim and suggests that sheet flow regularly occurs.
3.5. Extreme Low Flow Results
The Extreme Low Flow event is the low flow period for a “dry” year in the Kozak et al.
(2016) environmental flow prescription. The Extreme Low Flow is the flow target with the
maximum drawdown. A deep extended drawdown is intended to maximize the are suitable for
cypress-tupelo regeneration as well as other ecological services (Table 1).
The Extreme Low Flow event was simulated to investigate the maximum increase in
area most hydrologically suitable for cypress regeneration (runtime 1h: 20min). The inundation
boundary of the Extreme Low Flow event was extracted at the end of the steady state
simulation. The inundation boundary of the Extreme Low Flow event is 152.6 km2 (Table 13 and
Figure 27). This means, that if the Prescribed Flow included a 100-day Extreme Low Flow event
during the growing season, then the area most hydrologically suitable for cypress regeneration
could be 283.8 km2 or 61.69% of the study area. Compared to the 2010 results, this is an
increase of 252.8 km2. It should be noted that this estimation is predicated upon the Extreme
Low Flow event occurring for 100 or more consecutive days in the growing season and does not
consider the additional length a seedling at a lower elevation must grow to survive a future
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flood event. It is also important to note that the area still inundated during the Extreme Low
Flow event is considered not favorable for cypress regeneration.
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Figure 27. The Extreme Low Flow inundation extent with 30 m vertical features and cell mesh is
displayed as the white area within the perimeter. Using the legend, the area identified as
percent time inundated has 100 or more consecutive dry days in the growing season (if the
Prescribed Flow and Extreme Low Flow Event were implemented) and the magenta area was
never inundated during the Prescribed Flow.
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3.6. Small Flood Results
The Small Flood event was simulated to demonstrate the maximum inundation of a
prescribed flow for a “wet year.” The Small Flood event had a total inundation of 446.34 km2
(model domain is 460.06 km2), which is 5.24 km2 larger than the peak inundation in 2010 and
9.94 km2 larger than the Prescribed Flow. The simulation runtime was 2 hours and 40 minutes.
Overtopping of the main channel and Blue Point Chute into the Blue Point Chute region does
occur in some limited places (Figure 28 and Figure 29). Overtopping of Blue Point Chute and the
main channel could increase the DO content and nutrient load in areas of the Blue Point Chute
region that are typically stagnant. This would likely occur because the water in the Atchafalaya
River main channel is higher in DO and nutrient content than the stagnant water in the
backswamp (Baustian et al., 2019; Piazza, 2014). This is one of the ecological objectives of the
prescribed flow regime (Kozak et al., 2016).
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Figure 28. Small Flood inundation area. Areas with overbank flooding are circled in blue. USGS is
United States Geological Survey.
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Figure 29. Cut view of the Small Flood inundation figure to demonstrate where overbank
flooding occurred. USGS is United States Geological Survey.
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3.7. 9 m VF and Mesh Analysis
As part of this study, previous simulations were repeated with 9 m VFs and mesh
enforced in the reduced Blue Point Chute region. The purpose of these simulations was to
assess if decreasing the size of VFs and cell mesh had an impact on model performance and
inundation extent. The following hydraulic scenarios were conducted for this analysis: 9 m VF
Max (runtime 20h: 6min), 9 m VF Min (runtime unavailable), and Extreme Low Flow Event (9 m)
(runtime 8h: 50min). These time series represent the maximum inundation of 2010, a low
inundation event in the growing season, and an idealized drawdown phase.
The statistical analysis results of 9 m VF Min and 9 m VF Max compared to the results of
2010 indicate that the 9 m hydraulic scenarios did not significantly improve the performance of
the model (Table 14). To perform the analysis, a one-day warmup was assumed and results
were extracted every three hours from 9 m VF Max and 9 m VF Min. The analysis represents
model performance in replicating the observed values from 2010 (Table 14). The statistical
analysis of the 9 m VF Max and 9 m VF Min were tabulated and compared to the 2010 results of
the same time series (2010 min and 2010 max) (Table 14).
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Table 14. Statistical analysis of 2010, 9 m vertical features (VF) min, and 9 m VF max. RMSE is
root mean square error, IA is index of agreement, and CMS is cubic meters per second.
Location
Simulation
Bias Index
(CMS)
RMSE (CMS)
Scatter Index
IA
Pearson
Product

Atchafalaya River Outlet
9 m VF
min

2010
min

9 m VF
max

2010
max

9 m VF
min

2010
min

9 m VF
max

2010
max

124.41

136.51

-243.75

-329.21

75.63

136.51

-243.75

-329.21

286.36
0.16
0.89

296.35
0.17
0.88

486.90
0.07
0.55

537.31
0.08
0.49

184.99
0.11
0.86

296.35
0.17
0.88

486.90
0.07
0.55

537.31
0.08
0.49

0.83

0.83

0.61

0.60

0.85

0.83

0.61

0.60

Location
Simulation
Bias Index (m)
RMSE (m)
Scatter Index
IA
Pearson
Product

Wax Lake Outlet

American Pass

Little Bayou Long

9 m VF
min
0.00
0.02
0.02
0.98

2010
min
0.00
0.02
0.02
0.98

9 m VF
max
-0.10
0.10
0.05
0.29

2010
max
-0.12
0.12
0.05
0.24

9 m VF
min
-0.01
0.03
0.03
0.94

2010
min
-0.01
0.03
0.03
0.94

9 m VF
max
-0.19
0.26
0.12
0.20

2010
max
-0.16
0.16
0.07
0.12

0.99

0.99

0.99

0.98

0.95

0.96

0.70

0.98

Using 9 m cell mesh and VFs in the reduced Blue Point Chute region had minimal
impacts on inundation extent. Inundation area was calculated by extracting the inundation
extent from each hydraulic scenario and importing that to ArcMap. Once in ArcMap, the
inundation area was calculated. The maximum inundation boundaries were extracted from
2010 and 9 m VF Max for comparison (Table 15). The inundation extent was extracted from
2010 and 9 m VF Min on September 26 (12:00 pm), and an inundation boundary was extracted
from the end of the hydraulic scenarios for both Extreme Low Flow scenarios. When compared
to the 2010 results of the same time series, there is a negligible difference in the maximum
inundation (Table 15). The 9 m VF Min inundation extent is 11.4 km2 larger (3.35%) than the
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2010 counterpart; 11.4 km2 is 2.4% of the study area. There is only a .5 km2 difference between
the 30 m and 9 m Extreme Low Flow Event, which was a steady state simulation (Table 15).
Table 15. Inundation area of 2010, 9 m vertical feature (VF) min, 9 m VF max, and Extreme Low
Flow. Results of "2010 (9 m VF & mesh)" use 9 m VF max and 9 m VF min to calculate maximum
and minimum inundation, respectively.
Hydraulic Scenario

Maximum
Inundation
Event (km2)

Minimum
Inundation
Event (km2)

2010 (30m)
2010 (9 m VF & mesh)

441.1
442.2

340.2
351.6

Extreme Low Flow (30 m)

NA

Extreme Low Flow (9 m)

NA

Inundation
Difference
(km2)
100.9

Area Never
Inundated
(km2)

90.60

18.9
17.8

152.6

NA

NA

152.1

NA

NA
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Chapter 4. Discussion and Conclusion
4.1. Discussion
The following section is a discussion of the results and conclusions derived from them.
This includes recommendations for future research.
4.1.1 2010 Flow-Ecology Targets
The hydraulic model created for this thesis was able to accurately replicate the
inundation timing, depth, frequency, and duration in 2010. This was proven by the statistical
analysis results of the 2010 yearlong hydrograph (Table 9 and Table 10). The model can be
considered validated because it accurately replicated observed values outside of the low flow
and high flow calibration periods. The validated 2D hydraulic model can inform the
environmental flow prescription by calculating the hydrologic effects of implementing the
ecological design and providing inundation results of at a higher resolution than the source
material used to create the prescribed flows.
The results of the 2010 hydraulic scenario that overlapped with the Kozak et al. (2016)
flow-ecology targets were extracted to further explore the hydrologic conditions of the study
area and inform the environmental flow prescription. This comparison is an important
verification of the flow-ecology relationships and helps to refine the environmental flow
prescription, something that was specifically called for in Kozak et al. (2016). For instance, it
may be the case that the desired ecological services of a flow-ecology target occur in the
northern part of the basin, but do not simultaneously occur in the lower ARB. It is for this
reason that exploring the flow-ecology targets on a site-specific scale is important.
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The 2010 Overbank and Backswamp flow-ecology results indicate that overbank
flooding occurs along the GIWW in both circumstances; however, overbank flooding does not
occur along the majority of the main channel. The lack of overbank flooding along the main
channel and Blue Point Chute is shown by the 2010 Never Inundated region in Figure 21.
Instead, river water is distributed into the Blue Point Chute region via distributaries (Blue Point
Chute) off of the main channel predominately via channelized flow (Figure 21 and Figure 22).
This is shown by the flow paths via white doppler trails in the velocity profile screen grab of
3/12/2010 at 00:00 (Figure 22).
Flow in the Blue Point Chute region is directed through Blue Point Chute towards Duck
Lake and stagnant along the main channel (Figure 22). This has implications for the distribution
of river water with high turbidity and DO in the study area. It indicates that turbid water at this
time step passes by the west area of the Blue Point Chute region and concentrates at Duck
Lake. This conclusion is supported by the Landsat composite image displaying frequency of
turbid water (Figure 1) (Allen et al., 2008). It is likely necessary for a larger flood pulse than the
Overbank Flood target to distribute sediment and nutrient-rich river water throughout the
study area.
The Upper Bound Extreme Low Flow inundation area is a significant drawdown
compared to the Backswamp Flooding Target and has implications for informing the
environmental flow prescription. The Upper Bound Extreme Low Flow target has an inundation
area of 243.08 km2 compared to the 407.81 km2 of the Backswamp Flooding target. It should be
noted that the inundation map derived from 11/19/2010 (analogous to the Extreme Low Flow
Event) is outside of the growing season, therefore, the drawdown of water does not impact the
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potential for cypress regeneration for 2010; however, if the hydrodynamic conditions from
11/19/2010 were to occur in the growing season and be maintained for 100 or more days
consecutive days, as suggested by the “dry year” prescribed flow, the area most hydrologically
suitable for cypress regeneration would increase to 198.02 km2 or 43% of the study area (Table
13, Figure 26 and Figure 27).
The inundation area of the Upper Bound Extreme Low Flow is visually similar to the “9/9
Water Classification” (Figure 2) in Allen’s (2008) research. This supports the validity of the low
flow inundations extents modeled in 2010 and demonstrates that the inundation area of the
lower ARB is rarely below the Upper Bound Extreme Low Flow extent.
4.1.2 2010 Hydrologic Conditions Relevant to Cypress Regeneration
The 2010 hydraulic scenario was able to demonstrate where inundation conditions were
most hydrologically suitable for cypress regeneration in 2010 and applications of hydraulic
modeling for informing ecological design.
It was found that approximately 30.96 km2, or 6.73% of the study area, was inundated
and then received 100 or more consecutive dry days in the 2010 growing season (Table 12).
This area is considered the most hydrologically suitable for cypress regeneration. This was done
by investigating the inundation timing, frequency, duration, and depth in 2010. The area most
hydrologically suitable for cypress regeneration is defined as the area that is inundated and
then experiences 100 or more consecutive dry days in the growing season. The 2010 results do
not determine if a seedling can regenerate, but rather if the inundation timing and duration for
an area is favorable for regeneration.
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The area most hydrologically suitable for natural cypress regeneration was concentrated
along the levees of the main channel and Blue Point Chute (Figure 24 and Figure 25).
Meanwhile, only limited areas along the GIWW were considered suitable for cypress
regeneration because that area is inundated for too long during the growing season. These
results match previous studies that estimated 5.8% of the lower ARB is suitable for natural
cypress regeneration (Figure 3) and concentrated on higher ground (Faulkner et al., 2009; Keim
et al., 2006; Piazza, 2014).
The results of the 2010 hydraulic scenario can inform ecological design by providing
hydrologic conditions for an “average year” (as determined by Kozak et al. [2016]) for
comparison. Later in this chapter, results from the prescribed flows are compared to the 2010
hydraulic scenario. Future research could expand on this by using the model to simulate
observed “wet” and “dry” years for comparison or a series of years to further explore the area
most hydrologically suitable for cypress regeneration. Furthermore, hydraulic modeling can
support field research by displaying areas with hydrologic conditions of interest that may not
have been identified in the field because the basin is so large and difficult to access.
There are some limitations to the hydrologic accuracy of that model that may impact
the estimation of inundation extent. The hydraulic model is biased by about -10 to -12 cm
during the peak of the flood season. At the maximum WSE of the 2010 season, the vast
majority of the study area is already under water (Figure 24 and Table 12), therefore a change
in WSE only serves to marginally increase inundation area (Figure 21). Also, a negative bias will
result in a slightly more conservative estimation of the area most hydrologically suitable for
cypress regeneration.
97

An additional limitation to estimating the area most hydrologically suitable for cypress
regeneration is that a particularly large flood the following year, as it happened in 2011, could
be a mortality event for all cypress seedlings. This is why the model results demonstrate the
hydrodynamic conditions that are most suitable for cypress regeneration, not if a cypress
seedling will ultimately survive. To determine if a seedling will survive to adulthood a cypress
regeneration model, such as Xiao (2002), would be more applicable.
4.1.3 Prescribe Flow, Extreme Low Flow, and Small Flood
The results from the Prescribed Flow demonstrate the hydrodynamics in the basin if the
Kozak et al. (2016) “average year” prescribed environmental flow hydrograph was followed asis. While the Prescribed Flow is considered a guideline for management, it is important to
simulate the idealized hydrograph in order to demonstrate the potential increase in area most
hydrologically suitable for cypress regeneration (Kozak et al., 2016).
The results from the Prescribed Flow indicate that 100.8 km2 (21.91% of the domain) of
the study area would experience 100 or more consecutive dry days in the growing season after
a spring flood. This is an increase of 69.8 km2 compared to the 2010 results (Table 13). This
large increase in area most hydrologically suitable for cypress regeneration is possible because
a significant drawdown is achieved early in the year and lasts for longer than 100 days (122
days) in the growing season. While a drawdown also occurred in 2010, the sustained low flow
period did not occur as soon or last as long as the Prescribed Flow.
The maximum area inundated during the Prescribed Flow (436.4 km2) is similar to that
of 2010 (441.1 km2) and did not overtop the majority of the main channel in the Blue Point
Chute region. This difference in maximum inundation had a minimal effect on estimating the
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area most suitable for cypress regeneration. Rather, the significant conclusion is that overbank
flooding did not occur along the majority of the Blue Point Chute region during the Prescribed
Flow. As described earlier in the 2010 flow-ecology results, overbank flooding is beneficial for
distributing nutrient and sediment-rich river water into the backswamp (Table 1). Results from
the Small Flood event demonstrate this point further.
The Extreme Low Flow is the flow target with the maximum drawdown in the
environmental flow prescription. A deep extended drawdown is intended to maximize the area
suitable for cypress-tupelo regeneration as well as other ecological services (Table 1). If the
Extreme Low Flow event were to last for 100 days or more and an average year spring flood
occurred, then the area most hydrologically suitable for cypress regeneration would be 283.8
km2 (61.69%). That is a 252.8 km2 increase in area from the 2010 results. It should be noted
that an Extreme Low Flow event is only considered possible for a “dry” year, which occurs 25%
of the time in the basin (Kozak et al., 2016). However, the similarity in inundation extent during
the 2010 Upper Bound Extreme Low Flow and the Extreme Low Flow indicate that the
hydrologic conditions of the Extreme Low Flow can occur in the lower ARB.
One of the flow-ecology targets of the Prescribed Flow is to initiate overbank flooding to
reduce hypoxia in the backswamp. This occurred along the GIWW during the Prescribed Flow
(in 2010 as well); however, overbank flooding did not significantly occur along the main channel
or Blue Point Chute (Figure 26). This indicates the Prescribed Flow for an average year is
unlikely to overtop the main channel levee and distribute DO and sediment rich river water
throughout the western side of the reduced Blue Point Chute region. To see what flow regimes
were necessary to create overbank flooding, the Small Flood hydraulic scenario was simulated.
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A Small Flood scenario was simulated to explore the peak inundation of a “wet” year
(Kozak et al., 2016) (Figure 1). The maximum inundation area of a Small Flood is 446.34 km2,
which is 5.24 km2 larger than 2010 and 9.94 km2 larger than the Prescribed Flow. This indicates
that a “wet” year only marginally increases the inundated area of the study area compared to
an “average” year in the Prescribed Flow. The Small Flood did overtop some portions of the
main channel and Blue Point Chute levee in the reduced Blue Point Chute region (Figure 28 and
Figure 29). It is therefore considered possible that this would distribute river water from the
main channel into the western reduced Blue Point Chute region backswamp, which is a desired
outcome of the ecological design (Kozak et al., 2016).
4.1.4 Vertical Feature Extraction and Mesh Refinement
Reducing the VF and mesh size from 30 m to 9 m in the reduced Blue Point Chute region
did not have a significant impact on the performance of the model or the inundation extent
during low flow periods. The 9 VF Min and 2010 Min (30 m sized VFs and mesh) IA and Pearson
Product results, which balances phasing and bias, are nearly identical at each location (Table
14). The largest difference between the 9 m VF min and 2010 min results is the bias index at
WLO (a difference of 60.88 CMS). This is a minimal difference compared to the average of
discharge out of WLO during that time (1,660 CMS).
Again, there was generally an insignificant difference between the 9 m VF max and
2010 max (30 m sized VFs and mesh) results. Results at ARO, WLO, and American Pass are all
similar enough to suggest no significant difference. The largest difference between the 9 m VF
max and 2010 max is a reduction in accuracy at Little Bayou Long when 9 m VFs and mesh sizing
are implemented. The Pearson Product for the 9 m VF max is 0.70 compared to the 2010 max
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0.98 (Table 14). Furthermore, the scatter index of the 9 m VF max results is larger than the 2010
max. This indicates that the 2010 max results have a more accurate phasing and magnitude
than the 9 m VF max hydraulic scenario.
Using 9 m mesh and VFs in the reduced Blue Point Chute region had minimal impacts on
inundation extent. The 9 m VF Min inundation extent is 11.4 km2 larger (3.35%) than the 2010
counterpart and 9 m VF max is only 1.1 km2 larger than 2010. Finally, there is only a .5 km2
difference between the 30 m and 9 m Extreme Low Flow Event, which was a steady state
simulation (Table 15).
The performance (ability to replicate observed 2010 values) of the model was not
significantly improved when using 9 m VFs and cell mesh sizing in the reduced Blue Point Chute
region. Furthermore, the difference in inundation between 30 m and 9 m scenarios was
minimal.
There are limitations to this conclusion. It is still possible that water is more accurately
routed when VFs and cell mesh sizing is decreased. To fully explore this possibility the VF and
cell mesh of the entire domain would need to be 9 m, which is not feasible since HEC-RAS
cannot handle the required number of cells. Additionally, future research can explore larger
sizing options to identify the VF and cell mesh sizing that accurately simulates the
hydrodynamics of the study area in this model with the least amount of computational
expense. With more VF and cell sizing options different combinations of VFs and cell size could
be explored. Finally, exploring a variable VF and cell size could lead to informative results.
Prioritizing a finer resolution along the natural levees or canals and increasing the sizing in the
backswamp could maintain model performance while reducing computational expense.
101

4.2 Conclusion
This thesis investigated the hydrodynamics of the lower ARB to demonstrate
applications of hydraulic modeling for informing ecological design. To conduct this research, a
2D HEC-RAS hydraulic model of the lower ARB was created using VF extraction to refine the
model. Through calibration and validation, it was demonstrated that the hydraulic model is
capable of accurately replicating observed values in 2010 for the purpose of this research. After
validation, the hydrologic conditions of the 2010 yearlong hydrograph and the environmental
flow prescription were explored to inform the Kozak et al. (2016) prescribed environmental
flow, which is an ecological design. This research also investigated the impacts of different VF
and mesh sizes on model performance.
The analysis of the flow-ecology targets in 2010 can inform the Kozak et al. (2016)
environmental flow prescription and identify hydrologic characteristics of the study area in
2010. Analysis of the flow-ecology targets in 2010 provided insights into the lateral connectivity
between the Atchafalaya River main channel and backswamp. Overbank flooding did occur
along the GIWW, but there is a distinct ridge along the Atchafalaya River main channel that was
not overtopped. Results from this simulation indicated that lateral hydraulic connectivity,
within the reduced Blue Point Chute region, is predominantly confined to Blue Point Chute and
its distributaries towards Duck Lake (Figure 22). This is significant because studies show that
turbid water from the Atchafalaya River contains more nutrients and a higher DO content,
which benefits ecology in the backswamp (Baustian et al., 2019; Piazza, 2014; Souther &
Shaffer, 2000). Furthermore, the conclusions about hydrologic connectivity in 2010 are
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supported by previous studies (Figure 1) (Allen et al., 2008; Baustian et al., 2019; D. Kroes et al.,
2019; D. Kroes et al., 2022; Piazza, 2014).
Results from the 2010 analysis indicated that 6.73% of the study area was inundated
and received more than 100 consecutive dry days in the growing season, a factor relevant for
cypress regeneration. This area was considered most hydrologically suitable for cypress
regeneration. It should be noted that this model does not determine if a cypress seedling would
regenerate, rather if the inundation conditions are favorable for cypress regeneration. The area
considered most hydrologically suitable for cypress regeneration was concentrated along the
high ground of the Atchafalaya River main channel and Blue Point Chute. This is in line with a
previous study (Figure 3) that estimated only 5.8% of the lower ARB (concentrated along the
Atchafalaya River main channel) was suitable for natural cypress regeneration (Faulkner et al.,
2009).
Demonstrating the baseline conditions (area most hydrologically suitable for cypress
regeneration and the occurrence of overbank flooding) to ecologists is a potential application of
hydraulic modeling. Results like this can inform ecological design by demonstrating where
hydrologic conditions need alterations to produce desired ecological services. Creating more
baseline scenarios for “dry” and “wet” years could further inform the Kozak et al. (2016)
ecological design.
It was found that implementation of the Prescribed Flow for an average year could
increase the area most hydrologically suitable for cypress regeneration from 30.96 km2 (in
2010) to 100.8 km2 (21.91% of the study area). While the Prescribed Flow is a management
guideline, it is important to explore the potential impacts of an idealized hydrograph. The
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increase in potential regeneration area is the result of a large draw down that is extended for
over 100 days. Compared to the 2010 year, this prescribed flow would give cypress seedlings in
low lying areas significant time to grow and potentially survive the following year’s flood. The
area most hydrologically suitable for cypress regeneration could be further expanded if the
Extreme Low Flow event were to occur.
Significant overbank flooding did not occur along the Atchafalaya River main channel in
either the Prescribed Flow or the Small Flood. Overbank flooding of the Atchafalaya River main
channel did occur during the Small Flood; however, a larger flood would likely be necessary to
significantly overtop the main channel levee. In both scenarios, overbank flooding did occur
along the GIWW. Results from these simulations could inform the expected flow-ecology
outcomes of the Kozak et al. (2016) environmental flow prescription, or identify areas where
alterations to the basin topography might be useful to enhance lateral connectivity.
The conclusions derived from comparing the 2010 results to the Kozak et al. (2016)
prescribed environmental flows demonstrated that the validated 2D hydraulic model can
inform ecological designs. For instance, the Kozak et al. (2016) environmental flow prescription
relied upon basin-wide estimations to create the prescribed flows (i.e., literature reviews,
satellite imagery, basin-wide hydrologic estimations, etc.). This model could refine the Kozak et
al. (2016) prescribed flows by providing inundation results at a higher resolution than the
source material.
VF extraction and cell mesh sizing was an important tool used to refine the model.
Identifying significant VFs and enforcing them as breaklines ensured that flow was calculated
along the peak elevation of ridges. Without refining the model in this way, it would be more
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difficult to prevent issues, such as cell leakage, that can influence inundation extent and flow
paths. More research should be done on a smaller domain with numerous sizing options to
determine the influence of VFs and mesh sizing for refinement. VF extraction has the capability
to automate and standardize cell refinement (via breaklines) between modeling efforts.
Standardizing refinement in such a way could provide greater opportunities for coupling
hydraulic models and other cross-disciplined work.
This model provided important insights into the hydrodynamic characteristics that are
relevant to sustain cypress-tupelo forest in the study area. These insights reinforce the claim
that a limited area of lower ARB if hydrologically suitable for natural cypress regeneration
(Faulkner et al., 2009). Furthermore, it was found that implementation of the Kozak et al.
(2016) ecological design could increase the area most hydrologically suitable for cypress
regeneration. A potential application of this model is to be loosely coupled with cypress
regeneration models, such as Xiao et al. (2002), to further refine our understanding of cypress
regeneration potential in the lower ARB.
It is my hope that this research is used to by others to improve our understanding and
management of the lower ARB, an ecological treasure of Louisiana.
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